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ABSTRACT 


This  report  is  a  compilation  of  38  papers  describing  most  of  the 
information  discussed  at  the  5th  Refractory  Composites  Working  Group 
Meeting  held  at  the  Chance -Vought  Corp. ,  Dallas,  Texas,  on  8-10  August 
1961.  The  representatives  of  approximately  50  organizations  presented 
informal  discussions  of  their  current  activities  in  the  fields  of  development, 
evaluation,  and  application  of  inorganic  refractory  composites  for  use  over 
approximately  2500°F. 


This  Technical  Documentary  Report  has  been  reviewed- and  is  approved. 

W.  P.  Conrardy 

Chief  Materials  Engineering  Branch 
Directorate  of  Materials  and  Processes 


FOREWORD 


This  report  consists  of  a  series  of  papers  presented  at  the  Fifth 
Refractory  Composites  Working  Group  Meeting  held  in  Dallas,  Texas  on 
8,  9,  and  10  Auf  ust  1961. 

The  meeting  was  co-chairmaned  by  J.  J.  Gangler  of  NASA  and 
L.  N.  Hjelm  of  ASD,  with  the  Chance  Vought  Corp.  acting  as-host. 

The  assistance  given  by  the  Chance  Vought  Corp.  and  its  personnel 
in  acting  as  host  are  deeply  appreciated.  The  assistance  of  the  personnel 
of  the  University  of  Dayton  Research  Institute  in  preparation  of  this  report 
is  gratefully  acknowledged. 
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HEADQUARTERS 

fl jjLaji,a.uiiLr  aL  EifsJLEms  llJlvTilan. 

AIR  FORCE  SYSTEMS  COMMAND 
UNITED  STATES  AIR  FORCE 

WMGHT-PAnERSON  AIR  FORCE  BASE,  OHIO 


ASRCSS-l  (Lt.  L.  N.  Hjelm)  21  Jiute  I96I 

Refractory  Composites  Working  Group  Meeting 


1«  nie  Aeronautical  Systems  DiTision  and  the  National  Aen>nautics 
and  Space  Administration  are  jointly  planning  the  fifth  meeting  of 
the  Refractory  Composites  Working  C^up.  This  meeting  will  be  held 
on  8,  9,  and  10  August  I96I  at  The  Chance  Vought  Corporation  in  Dallas* 
Texas.  TMs  Group  is  concerned  with  the  technical  details  of  Gcrarn- 
ment.  Industry*  and  University  efforts  in  the  area  of  high  tempera¬ 
ture,  (over  2500^)  inorgEmic  composites.  The  objectives  of  the  Qkoup 
are  the  coordination,  coilatioHj  collection*  and  dissemination  p?  de¬ 
tailed  technical  infozmation  on  the  research,  developoent*  "nd  applica¬ 
tions  of  refractory  compos ites. 

2.  You  or  another  qucdified.  capable  representative  of  your  organiza¬ 
tion  are  cordially  invited  to  attend  this  Working  Group  Nesting  if  the 
following  requirements  can  be  laett  the  attendee  oust  (a)  be  a  technical 
iznrestigator  in  the  area  of  refractory  composites  as  outlined  in  the  above 
mentioned  obje.^tives,  (b)  be  able  and  willing  to  discuss  both  in  technical 
detail  and  philosophy  the  work  of  your  organization  in  this  area*  (c)  be 
free  to  prepare  a  written  report  on  this  work  (d)  bo  able  to  provide  85 
copies  of  this  report  (plus  a  reproducible  copy)  to  the  chairman  of  the 
meeting  before  I5  July  I96I  for  distribution  to  the  participants  prior 

to  the  meeting. 

3.  It  is  ingiefative  that  these  requirements  be  adhered  to  in  order  to 
accomplish  the  objectives  of  the  meeting.  Since  this  is  a  working  group* 
each  attendee  must  be  an  active  participant.  Therefore,  attendance  will 
be  restricted  to  those  who  meet  the  requirements  outlined  above.  A 
summary  report  wi^  be  published  and  made  available  to  all  others  inter¬ 
ested  in  this  area.  The  usefulness  of  a  meeting  of  this  kind  is  dependent 


upon  the  free  exchange  of  significant  technical  information.  In  order  to 
protect  each  organization's  interest's,  truly  proprietary  infomation  should 
be  withheld.  This  may  include  specific  compositions,  modifications,  tech¬ 
niques.  processes,  applications,  etc.  However,  in  order  to  interpret  and 
discuss  the  efforts  of  the  organization,  the  nominal  or  basic  compositions, 
general  techniques  or  processes,  background  information,  side  effects,  etc., 
should  be  presented  as  a  minimum. 

4*  The  written  report  is  required  prior  to  the  meeting  so  that  it  may  be 
distributed  to  the  attendees  in  advance  of  the  meeting.  They  will  then 
have  the  opportunity  to  study  the  reports,  evaluate  the  results,  and  pre¬ 
pare  for  a  discussion  of  the  work.  The  reproducible  copy  is  needed  to 
prepare  an  AHD  sunmary  report  of  the  meeting.  This  should  include  all 
glousy  unscreened  prints  and  black  on  «hite  figures.  Sverythiikg  but  the 
typing  should  be  "originals*.  The  typed  material  may  be  in  any  form,  as 
it  will  be  re-typed  for  printing. 

3*  Sach  attendee  will  be  required  to  present  a  2-3  minute  oral  presenta¬ 
tion  briefly  describing  the  scope,  results,  applications,  -and  significant 
aspects  of  the  work  described  in  the  written  report.  This  oral  abstract 
will  serve  to  initiate  discussion  and  exchange  of  information  and  will  be 
limited  to  about  10  minutes  for  each  report.  A  blackboard,  slide  pro¬ 
jectors,  and  l6  mm  movie  projector  will  be  available  for  your  use. 

6.  For  planning  purposes,  and  for  the  premeeting  report  distribution  it 
will  be  necessary  to  know,  as  soon  as  possible,  whether  your  organization 
plans  to  participate  and  who  the  attending  technical  investigator  will  bo. 
Please  address  your  immediate  reply  and  85  copies  plus  one  reproducible 
of  your  report  by  I5  July  I96I  to: 

Lt.  Lawrence  N.  Hjelm,  Chairman 
Refractory  Composites  Working  Group 
Aeronautical  Systems  Division 
Attn;  ASRG&5-1 
Wright  Patterson  AFB.  Ohio 

7*  Due  to  difficulties  concerning  cleeurance  of  pcq>ers  encountered  in 
the  past,  at  least  oue  day  of  the  meeting  will  be  held  as  a  classified 
session.  Therefore,  papers  up  to  and  including  ccnfidential  may  be 


pr«8«nt«d.  These  will  then  he  published  as  a  olasaif led  supplement 
to  i^e  ASD  report  of  the  Meting.  Since  a  elaesifioation  restricts 
the  qissomination  of  technical  information,  it  is  requested  that  the 
papers  be  kept  unclasstf  ied  if  at  all  possible*  dr  if  neceseaxy.  that 
tj^  o^ssif ied  portion  of  %e!  paper  be  kept  seperate  from  the  un- 
oiaesified  portion. 

8.  :Jl  letter  vill  follow  this  shortly  which  will,  describe  in  more 
detail  the  Meting  arraagemuts  such  as  transportation,  hotel 
aceoiM^ations.  Meting  place  ani  tiM.  proeeduMs  for  filing  security 
cleaimees.  Meting  agendsi  distribution  list,  etc. 

9.  Co-Ohairman  for  this  Meting  will  be  Mr.  J.  J.  Gongler  of 
HASA  Aadquarters.  Any  questions  or  connents  coMerhing  this  Meting 
should  be  addressed  to  the'  undersigned.' 

N.  BJSIif.  1/Lt 

Chairm,  Befractoxy  Coappsites 
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AIR  FORCE  SYStEMS  COMMAND 
UNITED  STATES  AIR  FORCE 
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iSRCE^l 

itofracto^  Ccs^>oslte8  'Working  Chroup  feting 


1*  This  ie  to  follow  up  th«  In tter  of  21  June  196l»  inritii^^your 
organization  to  participate  in  the  coming  Working  Group  meeti^* 

2«  As  anngtaicedt  ChanceoTought  Corp^ation  will  host  the  meeting  on 
8,9  and  10  August  I961  and  will  prOfide. a  tour  of  their  facilities  on 
the  nth  for  those  interested* 

3*  A  rese^ation  card  for  the  Statler  Hilton  Hotel  is  attached  for  your 
conrenience* 

4*  Bits  se^ice  will  be  prorided  daily  from  the  Statler  Hotel  t^o  the 
Chance-Tought  Corporation*  The  bus  will  leare  the  hotel  at  81OO  A*M* 
and  retifra  at  the  close  of  the  meeting* 

5«  The  ^^1  sub-committee  of  the  Waking  Group  chat  has  been  actire 
in  testing  techniques  will  meet  on  f  August  19Cl  to  discuss  cu^ent 
and  futtire  actirities  in  high  tesq^erature  testing  and  coating  eraluation 
techniques  as  well  as  new  efforts  of  interest  to  the  group*  ,^i8  meeting 
will  be  at  *9*^0  A*M*,  7  August  1961  in  the  Bluebonnet  Room  of  the  Statler 
Hotel*  The  results  of  this  meeting  will  be  suanarized  to  the  Working 
Group  later  in  the  week,  ao  that  only  the  actire,  interested  mrabers  of 
the  sub-ipoup  need  attend  this  meeting* 

6*  One  day  of  the  meeting,  the  10th,  will  te  held  as  a  classified  session 
for  material  to  and  including  Confidantial.  Please  seiid  your  clearance  to 

Chance  Tought  C^poraticn 
Atj^i  Security  ^f icer 
9ox  5907 

Dallas  22,  TeiM 

]^rsott  to  be  eontaeteds  Hr*  Wm  L*  Ares 

Subject  t  Refraetcry  Coa^osi tea  Yoking  Group 

"••ting 


Also,  please  send  an  informtlon  copy  of  your  clearance  ^o-  the  ui4®r- 
si^ed,  Tie  clearahces  will  he  used  to  prepare  the  name  tags  and;  passes, 
aM  will  he  required  for  atteEdance  at  the  classified  feting.  The 
classified  preprints  will  sent  to  cleared  organizations  and  personnel 
thin  normal  ch^annels* 

7,  ^e  distrihiition  list  for  the  meeting  is  attached,  ilease  notify 
the  iundersigned  of  your  intention  to  attend  so  that  preprints  may  he 
sent  but  and  eccooTOdatiqnS  arranged  for. 

8,  Bie  meeting  will  ha  similar  to  the  past  in  that  the  8th  and  9$h  ^11 
consist  of  unclassified  discussions  of  the  various  organizations  in  the 
fields  of  jurotective  coatings,  stayed  ^terial,  material  evaluation, 
hi^  temperature  cbmpoaites,  etc.  The  discuss ion  oh  the  lOth  will 
consist  of  aimilar  classified  activities.  As  in  the  past,  each  attendee 
will  present  a  short  sumiary  of  his  organization's  activities  of  five  minutes 
of  less,  with  ten-mihutea  for  discussion.  The  co-chairman  of  the  Vbfiang 
Group,  toi  l.  J.  Gangler  of  N^,  will  act  as  moderator  £^d  referee  of 

this  mseting. 


LAWi^CE  N.  HJEUij  l/U  USAF  2  -Atch 

Chairman,  Hefractory  Compbsitea  Vor^ng  Group  1#  Idstfihutionldst 
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I.  INTRODUCTION 

Due  to  the  lack  of  high  temperature  oxidation  resistance  oi  che 
refractory  metal-  tungsten,  tantalum,  molybdenum  and  col-ambium,  these  metals 
and  their  alloys  must  be  provided  with  protective  coatings  if  they  are  to  he 
effectively  used.  They  all  possess  high-temperature  strength  superior  to 
conventional  materials,  especially  at  teiiq>era.tures  above  2000®  F.  'heir 
oxidation  resistance  above  2000®  F  is,  however,  very  poor. 

If  use  is  to  be  made  of  their  superior  high-temperature  properties, 
they  must  be  adequately  protected  from  oxidation.  CHBOMALLOY  has  found  that 
the  cementation  process  can  be  adapted  to  coating  these  materials. 

In  the  pack  cementation  process,  the  work  piece  is  immersed  in  a 
powder  mixture  containing: 

1.  The  elements  to  be  transferred  to  the  surface  to  be  coated. 

2.  An  inert  material  to  prevuit  sintering  of  the  powder  pack. 

3.  An  energizer,  which  upon  v^>orizctlon,  provides  the  laechanism 
of  transfer  of  the  coating'  elements  to  the  surface  of  the  work 
piece. 

The  r  .’rort  containing  powders  and  work  pieces  is  placed  in  a'  furnace 
and  heated  to  th  ■  desired  coating  temperature,  and  held  there  for  a  period  of 
usually  about  10  hours  or  more.  After  cooling,  the  retort  is  opened,  and  the 
parts  ^e  removed  and  cleaned. 

Using  variations  of  this  technique,  CHROHALLOY  has  successfully 
coated  many  different  types  of  materials,  including  copper^  superalloys,  graphite 
refractory  metals,  etc. 


PROGRAMS  IN  PBOCXESS  AT  CHBOMAUOOT 


A,  Molybdenum 

By  far,  the  technology  of  molybdenum  and  its  alloys  is  the  most 
advanced  of  the  refractory  metals.  Likewise,  coatings  for  molybdeninn  are 
also  at  the  most  advanced  stage.  About  the  best  known  and  most  reliable 
coating  for  molybdenum  is  GHRDMALLOY'S  proprietary  W-2  coating.  It  is  no 
longer  a  laboratory  curiosity,  and  is  currently  being  used  in  small  scale 
production.  No  problems  are  foreseen  in  going  to  large  scale  production. 

Figures.  1  and.  2'  depicfW-2  coated  Mo-0.5Ti,  as  coated  with  W-2  and  after 
10  hours  at  2700“  F. 

The  W-2  coating  is  siTicide  base  in  nature,  and  is  "self-healing” 
in  the  temperature  range  above  2400“-2500*  F,  It  has  currently  undergone  an 
optimization  program  sponsored  by  the  Air  Force.  The  purposes  of  this  program 
have  been  to  establish  reliability  and  reproducibility  for  the  W’2  coating, 
thus,  establishing  a  basis  for  Air  Force  specifications. 

Battelle  Memorial  Institute  has  designed  for  CHROMALLOY  a  statistical 
experiment  which  would  evaluate  two  levels  each  of  what  was  felt  were  the  nine 
most  in^ortant  variables.  These  variables  and  the  two  levels  of  each  considered 
ave: 

Material  Compound  (Pack  Mixture) : 


A. 

^rity 

High (99. 7X  min.) 

Coamerclal  (98X) 

B. 

Particle  Size 

-60  +  150  mesh 

-230  mesh 

C. 

Age 

One  month  old 

New 

D. 

Mixing 

Good 

Poor 

Substrate; 


E. 

Soundness  * 

Contaminated  by  air 

Uncontaminated 

F. 

Surface  Preparation 

Etched  ** 

As  rolled 

Process : 

G. 

Time 

Two  twelve  hour  cycles 

One  twenty-four 
hour  cycle 

H. 

Tffliperature 

1800“  F 

1900“  F 

J. 

Retort  Composition 

Mild  steel 

Mild  Steel  with 
molybdenum  insert 

The  experimental  design  used  was  a  one-eighth  replica  fractional 
factorial  design.  Incorporated  in  the  design  were  sixty-four  test  units  of 
the  512  possible,  with  nine  variables  at  two  levels  each. 

Experimental  Program  and  Results ; 

Oxidation  test  life  was  used  as  a  means  of  analyzing  the  affects 
of  the  nine  vari^les.  Tests  were  conducted  at  2700“  F  which  was  the  expected 
use  temperature,  and  also  since  experimentally  useful  test  life  data  could  alsp 
be  expected  at  this  teo^erature. 

W-2  coated  Mo-0.5Ti  tab  specimens  (1  inch  X  0.5  inch  X  0.035  inch) 
were  tested  in  a  gas  fired  tube  furnace.  Average  lives  of  from  two  hours  to 
57  hours  at  2700“  F  were  obtained  with  specimens  going  as  long  as  76  hotirs 
before  a  hole  was  found. 


*  The  two  materials  being  used  are  both  Mo-0.5Ti.  ''Uncontaminated'’  material 
is  the  normally  produced  commercial  grade  sheet  suppled  by  General  Electric 
Corp.  The  second  material  was  purposely  surface  contaniinated  by  eliminating 
processing  steps  that  normally  prevent  contamination  by  air.  It  was  supplied 
by  Universal  Cyclops. 

**  Specimens  etched  with  1:1,  HNO3;  H  O  and  then  liquid  honed,  rinsed  with  water 
and  washed  in-  acetone.  As  rolled  ‘^material  was  washed  in  acetone  only. 


Statistical  analysis  of  the  data  revealed  that: 

1.  Time  and  temperature  of  processing  were  by  far  the  most  critical  variables, 
with  double  processing  and  1900“  F  the  preferred  levels  of  each  respectively. 

2.  Purity  and  age  of  powder  pack  and  retort  composition  were  of  no  statistical 
significance,  so  that  practical  considerations  would  dictate  the  preferred 
levels  of  these  variables. 

3.  The  remaining  four  variables  were,  statistically,  less  inqjortant  than  time 
and  temperature  of  processing. 

Based  on  statistical  results  and  practical  considerations,  the  following 

are  reconnnended  levels  of  the  nine  variables  considered: 


u 

t 


t 


VARIABLE 

RECOMMENDED  LEVEL 

A. 

Purity  of  powder 

Conmercial 

B. 

Mesh  size  of  powder 

-60,  +  150  Mesh 

C. 

Age  of  powder 

Fresh  or  aged 

D. 

Mixing  of  powder 

Gocd 

E. 

Soundness  of  substrate 

Uhcohtamlnated 

F. 

Surface  preparation 

Etcbed  and  liquid  honed 

G. 

Processing  time 

Two  12  hour  processes 

H. 

■Processing  teij?>erature 

1900“  F 

J. 

Retort  con^osition 

Steel 

This  program  also  revealed  that  properly  roimded  sheet  edges  are  a 

necessity  if  W-2  coated  molybdenum  is  not  to  fail  prematurely. 

It  was  found  that  edge  failures  were  randomly  distributed  among  the 
oxidation  test  data.  Since  edge  preparation  was  not  included  as  a  variable,  and 
these  failures  were  premature,  it  was  decided  to  analyze  the  data  with,  and  without 
edge  failure  data.  The  optimized  coating  described  previously  was  the  result  of 
such  an  analysis*. 

*See  Final  Report,  "Development  of  a  Powder  and/or  Gas  Cementation  Process  for 
Coating  Molybdenum  Alloys  for  High  Temperature  Protection",  by  H.  Bltjmenthal  md  Heil 
Rothman,  Chromalloy  Corporation,  Contract  No.  AF33(616)-7383,Task  No.  73811. 
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Part  of  this  program  entailed  predicting  the  life,  of  an  optimum 
coating,  and  specifying  the  tolerance  limits  for  these;  predictions.  The 
predictions  made  are  affected  by  A^ether  or  not  edge  failures  are  Included  in 
the  data.  Edge  failures  influenced  the  average  lives  of  the  coatings  and  the 
shape  of  the  distribution  curve  for  the  oxidation  test  data.  With  edge  failures 
included,  the  distribution  curve  assumes  an  extreme  value  configuration.  Without 
edge  failure  data,  the  distribution  is  of  the  normal  distribution  t3T>e.  This 
is  iii;>ortant,  since  the  tolerance  limits  ore  dependent  upon  the  distribution 
type.  The  effects  of  edge  failtires  are  apparent  from  the  predictions  tabulated 
in  Table  I. 


TABIK  I-  PREDICTIONS  OP  MINIMDM  LIVES  OF  OPTIMIZED  W-2  COATINGS  BASED 
ON  EXTREME  VAUJE  AND  NORMAL  DISTRIBUTIONS 


Tolerance 

Limit 

Min.  Life,  Cycles** 
for  Extreme  Value 
Diabrlbution 

Min.  Life,  Cycles 

For  Normal  Distribution 

Edges  in 

99.9 

2.1 

10.1 

II  II 

99.0 

9.8 

13.4 

II  II 

95.0 

15.4 

16.3 

Edges  out 

99.9 

6.4 

13.0 

II  II 

99.0 

12.7 

15.7 

11  If 

95.0 

17.3 

18.1 

The  iiu>st  iiiq)ortant  conclusion  to  be  derived  from  the  above  table  is 
that  in  any  molybdenum  structure,  it  vould  be  wiiae  to  design  in  such  a  way  that 


V»“, 


4-=-\  -i^ 


edges  would  be  minimized  and  to  avoid,  where  possible,  having  edges  In  the 
heat  encountering  zones.  Such  precautions  would.  In  effect,  make  the  structures 
more  reliable,  since  a  normal  distribution  without  the  Inclusion  of  edges 
(Table  I)  would  have  a  greater  expected  life  at  any  tolerance  limit  than  a 
similar  structure  with  edges  Included. 

**  Other  coatings  for  molybdenum  are  under  study  at  CHKDM&LLOY.  Composite' 

V  atlngs  consisting  of  alternately  deposited  layers  have  undergone  study.  Lives 
of  over  100  hours  at  2700°  F  have  been  obtained  experimentally. 

About  the  most  promising  coating  developed  has  been  the  one  known  as 
Durak  B.  Tasts  currently  In  progress  have  Indicated  that  a  life  of  150  hours  at 
2700°  F  may  be  expected.  The  bulk  of  the  specimens  being  tested  have  survived 
176  hours  at  2700°  F. 

B.  Columblum 

.  Columblum  base  alloys  are  also  coated  by  pack  cementation.  Modified 
4  W-2  coatings  have  survived  over  '200  hours  at  2000°  F,  and  over  125  hours  at 

2500°  F.  The  greatest  rhortcomlngs  of  present  CHROMALLOY  produced  coated  dolumblum 
has  been  the  brittleness  Induced  In  the  base  metal  by  the  coating  process.  This 
effect  Is  probably  due  to  the  susceptibility  of  columblum  base  alloys  to  embrittle¬ 
ment  by  air.  During  the  heat-up  portion  of  the  coating  cycle,  the  work  pieces  are 
contacted  by  the  air  present  In  the  retort. 

In  some  columblum  materials  it  is  possible  to  subsequently  restore 
ductility  by  a  post-coating  heat  treatment.  Some  alloys  (particularly  the  D-31 
alloy)  are  severely  embrittled  by  air  and,  at  present,  ductility  cannot  be  restored 
by  heat  treatment  in  these  alloys. 

Aluminum  ba.se  alloys  have  been  applied  to  columblum  base  alloys.  Some 
of  these  coatings  have  withstood  2500°  F  for  over  25  hours,  but  the  coatings  do 
i  not  appear  to  be  impervious  to  diffusion  of  oxygen  to  the  base  metal.  In  some 


-7- 


Instances,  weight  gains  of  100  or  more  milligrams  have  been  recorded  on 
apparently  sound  specimens  (1  Inch  ^  0.5  Inch).  Further  work  will  be  done 
to  produce  an  Impervious  aluminum  base  coating. 

C.  Tantalum  and  Tungsten 

Less  work  has  been  done  on  coating  tantalum  and  tungsten  than  on 
either  molybdenum  or  columblum.  Indications  are,  however,  that  silicon  base 
costings  such  as  V-2  will  protect  these  materials. 

Both  tantalum  and  timgsten  are  embrittled,  as  In  columblum,  by 
present  techniques.  Efforts  will  be  made  to  eliminate  or  minimize  this 
embrittlement. 

Present  Silicon  base  coatings  have  protected  tantalum  for 
at  least  one  hour  at  2700*  F.  An  alloy  50Mo~50W.  has  survived  over  60 
hours  at  2700®  F  after  W-2  coating. 


PROTECTIVE  COATINGS  FOR  REFRACTORY  METALS 


By  James  C.  Withers 

The  American  Machine  and  Foundry  Company,  or  AMF  as  we  are 
often  designated,  has  been  actively  investigating  protective  coatings  for  the 
refractory  group  ^^metals:  niobium,  molybdenum,  tantalum  and  tungsten* 
Protection  in  the  temperature  range  of  2000  to  5000°F  (1090  to  2800°C)  has 
been  of  particular  interest.  The  coatings  investigated  have  been  both  the 
electroplated  and  diffusion  types. 

The  electroplated  coatings  included: 

nickel 

chromium 

platinum 

rhodium 

cobalt-tungsten 

cermets  of  these  metals 

The  diffusion  coatings  applied  by  pack  cementation  techniques  consisted  of 
a  number  of  proprietary  products  designated  as  AMFKOTES.  These  are 
composed  of  various  combination  of  elements  including  beryllium,  boron, 
carbon,  magnesium,  aluminum,  silicon,  titanium,  vanadium,  chromium, 
iron,  nickel,  zinc,  zirconium,  niobium,  molybdenum,  tantalum,  tungsten, 
and  rhenium. 

Both  types  of  coatings  were  applied  to  the  refractory  metals. 

f 

Oxidation  cind  thermal  shock  test  were  then  made.  Tests  for  the  diffusion 
coatings  were  conducted  in  the  region  2000°  to  4200°F  (1090  to  2320°C)., 
whereas  the  electroplated  coatings  were  tested  only  to  2500°F  (1370°C). 


Further,  the  electrodeposits  were  applied  only  to  niobium  and  molybdenum. 


Electrodeposition 

Electroplated  coatings  were  applied  to  molybdenum  by  the  technique 
developed  by  Brenner  and  his  co-workers.^  This  consists  of  a  base  chrome 
and  nickel  plate  followed  by  the  finish  deposit.  After  chromium  plating, 
specimens  were  given  a  reverse  current  treatment  in  a  mixture  of  10%  sul- 

*  O 

furic  acid  in  acetic  acid,  and  then  nickel  plated.  After  nickel  plating, 
specimens  were  transferred  to  a  controlled  plating  bath  where  five  mil 
deposits  were  applied  except  in  the  case  of  platinum  and  rhodium.  These 
latter  deposits  were  only  from  one  to  two  mils  thick. 

Cermets  of  Ala03  ,  ZrOg,  MoSi^  and  SiOg  in  combination  with  the 
other  plating  materials  were  electroplated  by  suspension  of  the  ceramic 
particles  :“v  the  electroplating  baths .  Deposits  containing  up  to  50%  by 
weight  of  ceyamic  phase  were  plated  and  tested. 

Diffusion  Process 

The  diffusion  coatings  were  applied  by  packing  the  specimens  in 
powders  of  the  coatings  elements  along  with  halid'’  carriers.  The  pack  was 
then  heated  in  an  inert  atmosphere  to  1500  -  2200°F  depending  on  the  com¬ 
bination  of  coating  elements  and  base  metal.  A  time  interval  of  from  5  to 

^  J.  Electrochem.  Soc.  105,  8,  1958,  p.  450 
^  J.  Electrochem.,  Soc.  105,  2,  I960,  p.  91 


20  hours  was  used  depending  on  the  temperature  and  the  desired  thickness  of 
coating . 

The  diffusion  coatings  for  use  on  the  refractory  metals  are  desig¬ 
nated  by  AMF  as  the  AMFKOTE  series  of  coatings.  AMF  designates  these 
by  numbers  which  define  the  elements  in  a  coating  and  the  base  metal  to 
which  it  can  be  applied.  An  example  of  this  is  our  AMFKOTE-2  coating 
which  is  being  used  for  coating  molybdenum.  This  coating  has  been  applied 
to  a  thickness  of  2.5  mils  with  the  nominal  coating  thickness  being  1  to  1.5 
mils.  There  is  a  slight  weight  increase  of  the  base  material  when  the  coat¬ 
ing  is  applied. 

Oxidation  Tests  on  Electrodeposits 

All  oxidation  tests  on  electroplated  materials  were  run  in  slow 
moving  air  in  a  resistance-heated  silicon  carbide  furnace. 

Few  tests  were  performed  on  pure  nickel,  chromium,  and  alternate 
nickel-chromium  coatings  since  it  was  considered  this  would  be  a  duplica¬ 
tion  of  Brenner's^  earlier  work.  Sufficient  vork  was  performed  to  verify 
that  the  average  lifetime  was  300  hours  at  2000°F.  In  a  number  of  cases, 
protection  for  500  to  700  hours  was  obtained. 

At  higher  temperatures,  the  results  were  not  encouraging.  The 
average  life  of  duplex  chromium-nickel  coatings  at  2500°F  was  "ne  hour. 

In  like  manner,  the  average  life  f  2  mil  deposits  at  2500°F  was  one  hour 
for  platinum  and  one-half  hour  for  rhodium.  Failure  of  the  platinum  and 


rhodium  deposits  was  found  to  be  caused  by  porous  stressed  deposits .  To 
demonstrate  that  this  was  the  mode  of  failure,  a  3  mil  platinum  sheet  was 
hot  rolled  and  then  welded  aroimd  a  molybdenum  specimen.  This  combina¬ 
tion  was  tested  for  24  hours  at  2500°F.  Then  the  platinum  sheet  was  removed 
from  the  molybdenum  and  both  metals  were  examined  It  was  found  that  slight 
oxidation  had  begun  on  one  corner  of  the  molybdenum  and  exaniinatibn  of  the 
platinum  sheet  revealed  a  small  pin  hole  in  the  same  area.  This  demonstra¬ 
tion  showed  that  platinum  can  be  used  to  protect  molybdenum  at  2500°F  if  the 
platinum  can  be  applied  in  a  stress-free,  nonporous  form.  A  number  of  new 
types  of  platinum  and  rhodium  plating  baths  are  being  investigated.  We  have' 
had  some  success  in  depositing  low  stress  deposits  about  5  mils  thick  and 
free  of  pin  holes .  A  5  mil  deposit  of  platinum  applied  to  tungsten  was  oxida¬ 
tion  resistant  for  5  hours  at  3000°F. 

r 

Cermet  deposits,  as  shown  in  Slide  1,  have  much  improved  oxida¬ 
tion  resistance  over  the  pure  metal  deposits.  Depending  on  the  metal-ceramic 
system,  coatings  in  5  mil  thicknesses  resisted  oxidation  at  2500°F  for  from 
2  to  5  hours.  At  2000°F,  a  cobalt-tungsten  alloy -zirconium  oxide  cermet 
resisted  oxidation  for  468  hours. 

The, cermet  electroplated  coatings  have  not  been  tested  extensively, 
but  they  appear  to  offer  a  good  potential  in  coating  applications.  The  amount 
of  cetamic  can  be  controlled  and  graded  from  a  very  small  amount  to  almost 
pure  ceramic.  This  ability  can  be  used  to  advantage  in  matching  the  thermal 


expansion  of  a  base  material  and  in  applying  a  virtually  pure  ceramic  material 


on  a  graded  cermet. 


Test  Results  on  Diffusion  Coatings 


Oxidation  tests  on  diffusion  coatings  were  conducted  either  in  slow 
moving  air  in  an  electric  furnace  or  under  an  oxidizing  flame.  Some  test 


results  of  AMFKOTE-2  on  molybdenum  under  those  oxidating  conditions  were 
as  follows: 


19  to  45  hours  at  2800°F  in  a  furnace 
8  to  9  hours  at  3000®F  in  an  oxidizing  flame 
8  hours  at  3200‘^F  in  an  oxidizing  flame 
45  minutes  at  4200°F  in  an  oxidizing  flame 

The  total  normal  emissivity  of  AMFKOTE-2  is  0.76  at  399°C,  0.9 
at  615°C>  and  greater  than  0.95  at  725°C. 

The  AMFKOTE-2  series  of  coatings  are  being  tested  at  NASA, 
Langley  Field,  for  leading  edge  coatings  and  the  effect  of  the  coating  on  the 
physical  properties  of  the  base  metal. 

In  addition  to  the  application  on  molybdenum,  AMFKOTE  series 
coatings  have  been  developed  and  tested  on  such  materials  as  niobium  and 
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tantalum.  Results  of  oxidation  tests  at  2500°F  are  as  follows: 


Tantalum 


Niobium 


Molybdenum 


AMFKOTE -3 
AMFKOTE -4 


275  hrs 
312  hrs 


396  hrs 
34  hrs 


264  hrs 


The  AMFKOTE-2  coating  has  also  been  subjected  to  severe  ther- 


mal  shock  tests.  Two  methods  were  used:  a  furnace  test  and  a  flame  test. 
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In  the  furnace  test,  specimens  at  room  temperature  were  put  in  a  heated 


oven  and  held  until  they  attained  the  oven  temperature.  The  specimens 
were  then  removed  to  the  atmosphere,  cooled  until  they  could  be  examined, 
and  then  reheated  in  the  same  manner.  After  ten  cycles  the  coatings  were 
still  in  excellent  condition.  In  the  flame  test,  the  specimens  were  heated 
to  test  temperature,  then  the  flame  was  removed  until  it  cooled  to  red  heat. 
The  cycle  was  repeated  ten  times.  No  failures  were  found.  AMFKOTE-2 
has  excellent  self-healing  properties  above  about  2300°F.  After  the  first 
evolution  of  MoOa  ,  a  specimen  oxidizes  at  a  very  slow  rate  and  maintains 
its  shape  and  dimension  fc-  several  hours .  NASA  reports  have  stated 
that  the  coating  has  remarkable  self-healing  properties  at  high  temperatures. 

AMFKOTF.-3  and  4  coatings  do  not  have  as  good  thermal  shock  prop¬ 
erties  as  those  produced  with  AMFKOTE-2  but  as  indicated  by  the  results 
given  before,  they  provide  good  protection.  In  addition,  AMFKOTE-4  has 
self-healing  characteristi..s. 

Several  coatings  are  presently  being  evaluated  on  tungsten  for  opera¬ 
tion  at  temperatures  greater  than  3500°F  (1930°C). 

Inasmuch  as  AMFKOTE  refractory  coatings  are  applied  by  a  pack 
cementation-vapor  technique,  they  can  be  used  to  protect  large  complex 
shapes.  Size  of  the  base  piece  is  only  limited  by  the  oven  required  to  heat 
the  pack  to  about  2000°F.  The  application  technique  deposits  the  coating 
equally  well  in  recesses,  on  corners,  and  over  flat  surfaces. 


Summa  ry 

Further  test  work  similar  to  that  I  have  described  is  being  per¬ 
formed.  As  the  results  are  determined,  they  will  be  reported.  At  this 
stage,  I  can  say  that  AMFKOTE  refractory  coatings  will  provide  good 
protection  against  oxidation  at  temperatures  up  to  4200°F  {2320°C)  even 
when  severe  thermal  shock  conditions  are  present.  Tests  with  electro- 
deposited  coatings  were  not  as  promising  though  cermet  electrodeposits 
may  offer  good  protection  particularly  at  temperatures  to  2500°F(1370°C) 


HIGH-TEMPERATURE  REACTIONS  AND  PROTECTIVE 
SYSTEMS  INVOLVING  TUNGSTEN  AND  REFRACTORY  COl^OUNDS 

PART  I.  HIGH-TEMPERATURE  REACTIONS  BETWEEN 
TUNGSTEN  AND  SEVERAL  REFRACTORY  COMPOUNDS 

R,  RESNICK 
R.  STEINITZ 


PART  n.  PROTECTION  OF  TUNGSTEN  AGAINST  OXIDATION  AT 

ELEVATED  TEMPERATURES 

A.  L.  PRANATIS 
C.  1.  WHITMAN 
C.  D.  DICKINSON 


General  Telephone  &  Electronics  Laboratories 
Bayside,  New  York 


HIGH- TEMPERATURE  REACTIONS  AND  PROTECTIVE 
SYSTEMS  INVOLVING  TUNGSTEN  AND  REFRACTORY  COxs4POUNDS 


PREFACE 

Ri  the  overall  research  program  on  refractory  metals  and  compounds  at 
General  Telephone  &  Electronics  Laboratories*  Inc.*  a  number  of 
separate  experimental  projects  are  under  way  which  are  directly  related 
to  the  subject  of  the  meeting.  The  scope  of  these  projects  has  been 
separated  for  clarity  in  presentation  into  two  areas*  one  dealing  with  a 
study  of  reactions  that  occur  between  components  in  a  composite  system 
at  high  temperatures  and  the  other  dealing  with  botii  the  fundamental  and 
applied  aspects  of  the  protection  of  tungsten  at  high  temperatures .  There¬ 
fore*  this  manuscript  consists  essentially  of  two  separate,  research  -in¬ 
progress  reports. 

The  first  report*  entitled  "High-Temperature  Reactions  Between  Tungsten 
and  Several  Refractory  Compounds, "  derived  its  original  impetus  from  a 
need  for  fundamental  information  on  composite  materials  that  might  be 
smtable  for  rocket  nozzle  applications;  however*  as  the  study  progressed 
it  became  apparent  that  data  in  this  relatively  unexplored  area  had  im¬ 
mediate  applications  in  the  protective  coating  of  tungsten  and  other  re¬ 
fractory  metals  as  well  as  other  areas  requiring  an  understanding  of 
high-temperature  phenomena.  In  a  coating  system  alone*  there  are  two 
areas  where  high-'temperature  reactions  could  lead  to  failure.  At  the 
metal-coating  interface  the  formation  of  a  low-melting  mixture  or  direct 
reaction  could  cause  failure.  At  the  coating — coating-oxide  interface* 
a  reaction  could  preclude  the  possibility  of  protection  from  the  oxide. 
Therefore*  the  tools  and  techniques  for  studying  high-temperature  re¬ 
actions  as  well  as  the  results  have  important  implications  in  research 
for  the  protection  of  any  material  suitable  for  high-temperature  service. 


The  protection  of  tungsten  from  oxidation  at  high  temperatures  is  being 
studied  from  two  aspects.  The  first,  an  applied  research  project,  has 
used  existing  information  and  theories  to  develop  coating  systems  that 
have  a  potential  for  protecting  tungsten  against  oxidation.  In  the  evalua¬ 
tion  of  these  coatings,  a  careful  examination  of  the  causes  of  failures 
and  studies  of  variables  that  delay  or  decrease  the  probability  of  failure 
have  played  an  important  role  in  the  evolution  of  the  more  protective 
systems. 

The  second  aspect  is  being  studied  under  the  sponsorship  of  ASD 
(Contract  AF-33(616)-8i75).  This  project  has  more  basic  goals: 

(1)  To  determine  those  areas  where  the  lack  of  fundamental  informa¬ 
tion  or  principles  are  reducing  the  effectiveness  of  the  applied 
research  effort  for  the  development  of  protective  coating  systems 
for  tungsten  at  temperatures  above  3350°F. 

(2)  To  design  and  conduct  research  experiments  to  obtain  the  needed 
information.  Although  work  on  this  project  has  just  begun, 
several  basic  principles  with  broad  applications  in  coating  systems 
have  evolved,  and  in  their  rudimentary  form,  two  of  these  have  been 
described  and  used  in  explaining  observed  results.  Ultimately, 

it  is  felt  that  the  information  and  correlations  developed  in  this 
project  will  lead  to  an  understanding  of  existing  systems  as  well  as 
provide  the  basic  information  for  predicting  which  other  systems 
have  a.  high  probability  of  success  in  protecting  txmgsten  from 
oxidation. 


1.  INTRODUCTION 

In  recent  years  considerable  interest  has  been  generated  in  the 
reactions  at  high  temperatures  between  tungsten  and  various  other 
refractory  materials,  since  it  is  believed  that  combinations  of 
these  materials  may  provide  the  properties  required  in  high- 
temperature  use  which  are  lacking  in  tungsten  alone.  Examples 
of  approaches  considered  are  the  dispersion  of  fine  particles  of  a 
refractory  compound  in  a  pure  tungsten  matrix  in  order  to  increase 
the  elevated-temperature  strength  and  coatings  or  layers  of  a 
compound  on  tungsten  to  provide  improved  resistance  to  corrosion 
and  erosion.  A  somewhat  novel  proposal  is  to  infiltrate  a  porous 
tungsten  matrix  with  one  of  the  lower -melting  compounds,  and’ also 
some  metals,  to  provide  evaporation  cooling  when  the  material 
is  subjected  to  a  high  heat  fi\ix,  as  in  rocket  nozzles. 

In  general,  it  is  required  that  the  various  combinations  of  materials 
be  more  or  less  inert  at  operating  temperatures  if  required  properties 
obtained  during  the  fabrication  of  parts  are  to  be  retained  during  use. 
For  example,  a  dispersion-hardening  agent  that  rapidly  dissolves 
in  tungsten  would,  as  a  result,  lose  its  strengthening  power.  Also, 
if  materials  used  as  evaporation  coolants  were  to  react  with  the 
tungsten  skeleton,  the  structure  would  probably  be  weakened  and  also 
made  dimensionally  unstable.  Thus  one  is  interested  not  only  in 
chemical  reactions,  but  also  metallurgical  reactions  such  as  inter- 
diffusion  and  phase  transformations  which  can  cause  changes  in 
properties  in  periods  of  the  order  of  one  minute  at  temperature  of 
5400°F  and  above.  It  should  be  realized  that,  under  these  conditions, 
no  system  is  likely  to  be  completely  inert.  The  reaction  rates  must 


therefore  be  considered.  If  the  rates  are  slow  enough,  the  reactions 
that  do  occur  may  not  destroy  the  usefulness  of  the  system.  However, 
at  the  temperatures  of  interest  in  this  investigat  ion,  possible  reactions 
shotild  take  place  at  quite  rapid  rates. 


II*  preuminary  considerations 

In  studies  of  this  type,  it  is  often  helpful  to  consider  the  free  energy 

of  reaction  of  various  possible  chemical  reactions  so  that  one  might 

predict  which  will  be  the  more  stable  systems.  Unfortunately,  the 

necessary  thermodynamic  data  are  available  for  only  a  few  of  the  systems 

under  consideration,  and  then  the  maximum  temperature  for  which 

they  are  valid  is  only  about  200()°K  or  3632°F.  In  addition,  one  is 

not  always  certain  as  to  the  species  of  molectiles  involved  in  reactions 

taking  place  at  very  high  temperatures.  Nevertheless,  the,  free  energy 

of  reactions  has  been  calculated  for  several  of  the  tungsten- refractory 

oxide  systems  where  the  data  are  probably  good  up  to  the  temperature 

at  which  they  are  being  applied.  The  results  are  given  in  Table  I.  The 

reaction  temperature  has  been  taken  as  2100°K  or  381 2°F  for  these 

calculations,  since  it  is  the  approximate  temperature  at  which, 

(1) 

according  to  Brewer,  the  vapor  pressure  of  WO^  is  one  atmosphere, 
and  at  which  WC_  dissociates  into  solid  txmgsten  and  gaseous  WO„. 
Therefore  WO^  is  taken  to  be  one  of  the  reaction  products  in  each 
case.  Since  the  reacting  specimens  are  to  be  heated  either  in  a 
continuously  evacuated  chaniber  or  in  a  flowing  inert  gas  atmosphere, 
the  fact  that  any  of  the  reaction  products  are  gaseous  at  elevated 
temperature  will  influence  the  calculated  free  energy.  Thus  the 
calculations  haye  been  made  for  two  cases:  first  with  the  assumption 
that  all  gaseous  reaction  products  have  a  partial  pressure  of  one 
atmosphere,  and  second,  with  the  realistic  assumption  that  the 
partial  pressure  is  one  micron  of  mercury.  The  free  energy  is 
calculated  from  the  following  expression 

A  F  =  AF®  -»■  RT  in.  A 


where  AF  is  the  free  energy  change  in  the  standard  state,  R  is 

the  gas  constant,  T  is  the  absolute  temperature,  and  A  is  the  ratio 

of  the  product  of  the  activities  of  the  reaction  products  to  the 

product  of  the  activities  of  the  reactants,  each  activity  raised  to 

a  power  equal  to  the  number  of  moles  involved  in  the  reaction.  The 

partial  pressures  can  be  substituted  for  the  activity  if  it  is  assumed 

that  the  gases  act  ideally.  Values  for  AF°  have  been  tabulated  or 

charted  graphically  by  Coughlin,  Tripp  and  King,  and 
(4) 

Ellinghami  among  others. 

A  positive  value  for  the  free  energy  of  reaction  means  that  the 
indicated  reaction  should  not  take  place.  Allowing  for  considerable 
error  in  the  published  data,  and  for  the  fact  that  all  of  the  experi¬ 
ments  to  be  described  below  were  conducted  at  considerably  higher 
temperatures  than  those  for  which  the  calculations  are  made,  the 
positive  magnitude  of  AF  is  still  large  enough  in  all  but  one  case 
so  that  it  seems  that  none  of  the  reactions  other  than  the  reduction 
of  MgO  by  tungsten  is  likely  to  take  place  even  at  temperatures  of  the 
order  of  5400°F. 

So  little  thermodynamic  data  are  available  for  the  refractory 
carbides  and  nitrides, that  it  is  impossible  to  make  even  rough  calcu¬ 
lations  of  the  free  energies  of  reaction  for  systems  of  interest. 
Therefore,  only  the  oxide -tungsten  reactions  are  listed  in  Table  I. 

III.  EXPEPvIMENTAL  DETAILS  AND  RESULTS 

Two  series  of  experiments  v/ere  performed  in  an  attempt  to  detect 
the  high- temperature  reactions.  The  first  series  yielded  unsatisfactory 
results,  but  will  be  described  in  some  detail,  since  it  involved  the  use 


of  new  apparatus,  a  carbon  arc  image  furnace,  and  also  might 
indicate  some  of  the  difficulties  involved  in  this  work.  The  specimens 
were  small,  0.  25"  diameter  by  0. 12"  thick,  compacts  pressed  from 
tungsten  powder  mixed  with  rather  large  particles  of  compoxjnd.  They 
were  positioned  in  the  arc  image  furnace  in  the  manner  illustrated 
schematically  in  Fig.  1. 

The  stabilized  zirconia  block  serves  not  only  as  a  support  for  the 
specimen  but  also  acts  as  thermal  insulation.  The  flow  of  argon 
passes  out  of  the  chamber  through  a  port  directly  in  front  of  the 
specimen.  The  existence  of  the  port  helps  to  eliminate  distortion 
of  the  light  beam  and  energy  absorption  which  occurs  in  the  curved 
surface  of  the  Vycor  tube,  and  also  prevents  the  possibility  of  a  film 
being  evaporated  onto  the  glass  which  would,  of  course,  absorb  still 
more  of  the  energy.  After  heating,  the  specimens  were  mounted  in 
an  epoxy  resin  and  sectioned  and  polished  for  the  metallographic 
examination,  and  a  piece  analyzed  by  the  Debye-Scherrer  X-ray 
method  in  order  to  determine  the  reaction  products.  The  results  of 
these  experiments  were  discussed  in  some  detail  in  reference  (5). 

Since  they  were  inconclusive,  and  since  the  same  systems  have  been 
investigated  in  what  is  considered  a  more  satisfactory  manner  by 
the  second  method  discussed  below,  they  will  not  be  covered  here. 

The  second  attempt  to  study  the  high-temperature  reaction’s  between 
tvingsten  and  various  metallic  compounds  involved  the  use  of  a  basically 
different  specimen  design  and  furnace.  The  specimens  consisted  of 
small  pieces,  approximately  1/8"  x  1/4",  of  tungsten  foil  one  to  two 
mils  in  thickness.  These  were  coated  with  a. thin  layer  of  powdered 


compound  and  heated  in  the  tungsten  resistance  furnace  illustrated 
in  Fig.  2.  This  technique  represents  a  distinct  improvement  over 
the  one  described  above  in  that  the  presence  of  an  initially  sharp 
interface  between  the  tungsten  foil  and  the  compound  assists  in  detecting 
the  occurrence  of  a  reaction,  since  the  interface  would  be  distorted 
in  some  way  by  a  reaction.  Furthermore,  the  specimens  are  heated 
uniformly  and  the  temperature  can  be  measured  accurately  with  a 
brightness  pyrometer  by  either  sighting  into  the  furnace  through  a 
small  hole,  in  which  case  the  black  body  temperature  is  read  directly, 
or  by  correcting  the  brightness  temperature  read  on  the  surface  of 
the  tungsten  foil  with  the  accurately  determined  emissivity  of  tungsten. 
In  addition,  the  smaller  volume  of  unreacted  material,  as  compared 
with  the  powder  compact  specimens,  increases  the  accuracy  of  the 
X-ray  analyses. 

The  results  of  these  experiments  are  given  in  Table  III,  and  Figs.  3 
through  26  are  typical  microstructures. 

IV.  DISCUSSION  OF  RESULTS 

The  tvmgsten- thorium  oxide  specimens  show  no  evidence  of  reaction 
up  to  a  temperature  of  5430°F.  ThO^  particles  will  sinter  to  tungsten, 
but  no  sign  of  reduction  can  be  seen  in  Fig.  3.  Neither  solid  nor 
liquid  ZrO^  appear  to  react  with  tungsten,  as  shown  in  Figs.  4  to  6. 
Again,  as  in  the  case  of  ThO^,  sintering  takes  place  in  the  solid, 
and  an  adherent  layer  forms  when  molten.  The  copper  indicated  in 
the  photomicrographs  was  electroplated  onto  the  specimens  after 
heat  treatment  in  order  to  aid  in  the  metallographic  preparation. 


Magnesium  oxide  is  reduced  by  tungsten  iinder  the  conditions  indicated 
in  the  table.  No  reaction  can  be  detected  in  the  powder  compact 


specimens,  since  both  reaction  products  are  gasseous  at  these  tempera¬ 
tures.  Fig.  7  is  a  low  magnification  photograph  of  typical  samples.  The 
corroded  surface  of  the  foil  can  be  clearly  seen.  Fig.  8,  9  and  10  show 
the  progressively  deeper  corrosion  of  the  foil  in  cross  section.  The 

reaction  between  MgO  and  tungsten  has  been  recognized  by  other 
(7) 

workers  for  many  years. 

There  appears  to  be  some  disagreement  as  to  whether  or  not  A1  O 

(8)  ^  ^ 

reacts  with  tungsten.  Ackermann  and  Thorn'  ^found  reaction  in  a 

(9) 

tungsten  effusion  cell,  and  Wilson  reports  a  reaction  using  tungsten 
foil  specimens  similar  to  those  used  in  these  experiments.  On  the 

other  hand,  Brewer  and  Searcy^^^^found  no  reaction  by  the  effusion 

o  (11) 

method  up  to  300  above  the  melting  point  of  Al^  O^,  and  Preston, 

using  the  tungsten  foil  method,  could  find  no  reaction 

between  these  materials.  In  the  present  work,  no  evidence  reaction 

was  detected  even  at  5430°F.  As  may  be  seen  in  Figs.  11  and  12,  the 

interface  betv/een  the  foil  and  the  oxide  remains  sharp  and  regular.  No 

(12) 

sign  of  corrosion  is  present.  A  suggestion  has  been  made  by  Ryshkewitch 
that  the  reaction  which  has  been  reported  is  actually  one  between  tungsten 
and  residual  oxygen  or  moisture  in  the  atmosphere,  with  subsequent 
decomposition  of  the  tungsten  oxide  in  the  alumina  to  form  the  observed 
droplets  of  tungsten.  To  test  this  idea,  a  specimen  was  run  in  an 
atmosphere  of  argon  that  was  passed  initially  over  ice  held  at  a  tempera¬ 
ture  of  about  -40°  '.  As  anticipated,  a  reaction  did  occur,  and  a  photo¬ 
micrograph  of  the  polished  specimen  Fig.  13  shows  the  deposits  of 
tungsten  in  the  alumina. 

Figs.  14  and  15,  illustrating  the  tungsten- yttrium  oxide  system,  do 

not  show  any  evidence  of  reaction.  The  same  is  true  of  tungsten- hafnium 

oxide  shown  in  Fig.  16. 


All  of  the  tvingsten- refractory  carbide  systems  investigated  thus  far 
exhibit  considerable  reaction  at  elevated  temperatures.  Tungsten 
and  tantalum  carbide-form  a  eutectic  which  melts  at  roughly  5170°F. 

The  X-ray  analysis  shows  the  presence  of  three  distinct  phases, 

W,TaC,  and  a  structure  representative  of  which  no  doubt  is 

actually  the  solid  solution  {W,Ta)2G.  Lattice  parameter  measure¬ 
ments  have  not  been  made  to  confirm  this.  Fig.  17,  which  illustrates 
a  specimen  heated  below  the  melting  point  of  the  eutectic,  clearly 
shows  the  formation  of  the  new  phase,  and  Fig.  18,  heated  slightly 
above  the  eutectic  temperature,  shows  the  rapid  dissolution  of  the 
tungsten  foil  which  takes  place. 

The  W-HfC  system  differs  from  the  W-TaC  system  in  that  there  are 
r.n  .i  sornorphous  lower  carbides.  A  eutectic  does  form  which  melts 
at  roughly  5100°F  as  seen  in  Fig.  19.  The  X-ray  analysis  shows  the 
presence  of  an  additional  phase  which  has  been  tentatively  identified 
as  B .  C .  C .  hafnium  metal.  This  is  probably  a  high-temperature  phase 
that  is  stabilized  at  room  temperature  by  being  in  solution  with 
tungsten. 

W-ZrC  is  another  highly  reactive  system.  Figs.  20  and  21  show  the 
rapid  dissolution  of  the  tungsten  at  temperatures  down  to  4900°F. 

The  X-ray  analysis  showed  only  the  presence  of  W  and  ZrC.  However, 
a  metallic  -  looking  phase  can  be  seen  metallographically  and  probably 
is  zirconium  present  in  too  small  an  amount  to  be  detected  with  the 
X-ray  techniques  used.  The  solid- solution  carbide,  (80%  Ta  -  20%  Hf)C, 
was  also  tested  in  combination  with  tungsten.  Again,  reactions  took 
place  at  moderate  temperatures.  The  tungsten  carbide  phase  can  be 
seen  in  Figs.  22  and  23,  and  the  melting  reaction  above  5100°F  in 


The  refractory  nitrides  TiN  and  ZrN  have  also  been  found  to 
react  quite  readily  with  timgsten  at  temperatures  below  their 
melting  points.  Low  melting  eutectics  form  in  both  systems  as 
shown  in  Figs.  25  and  26.  In  the  case  of  TiN,  the  liquid  nitride 
has  diffused  through  the  tungsten  foil  along  the  grain  boundaries 
and  thus  a  nitride  phase  appears  on  both  sides  of  the  foil. 

V.  CONCLUSIONS 

With  the  exception  of  MgO,  the  refractory  oxides  are  in  general 
quite  unreactive  with  tungsten.  The  refractory  carbides  and  nitrides 
which  have  been  examined  are, on  the  other  hand,  much  too  reactive 
to  be  of  use  in  combination  with  tungsten,  since  all  of  those  tested 
formed  reaction  products  that  melt  below  5150  F.  Since  ThO^  has 
a  melting  point  of  about  5600°F,  and  is  unreactive  up  to  its  melting 
point,  it  should  be  superior  in  most  applications  to  any  of  the 
carbides  in  combination  with  tungsten. 
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PROTECTION  OF  TUNGSTEN  AGAINST  OXIDATION  AT 
ELEVATED  TEMPERATURES 


A,L,  Pranatis,  C.I.  Whitman  and  C. D.  Dickinson 

General  Telephone  &  Electronics  Laboratories 
Bayside*  New  York 

ABSTRACT 

Preliminary  studies  of  protective  coating  systems  for  tungsten  are 
reported.  Particular  emphasis  is  placed  on  silicide  systems  and 
their  modifications  for  protection  to  1800°C.  Two  new  basic 
approaches  are  applied  to  the  silicide  system  to  demonstrate  their 
usefulness  in  the  analysis  of  coating  systems. 


I.  INTRODUCTION 


Tungsten  has  obvious  advantages  as  a  material  of  construction  for 
use  at  high  temperatures,  but  its  use  as  such  is  limited  by  a  lack 
of  oxidation  resistance.  It  appears  unlikely  that  simple  alloying 
can  supply  a  solution  to  this  problem  and  therefore  the  development 
of  a  composite  system  is  required.  Consequently,  a  number  of 
refractory  coatings  for  tungsten  are  presently  being  studied  at  the 
General  Telephone  &  Electronics  Laboratories.  Included  in  the 
materials  selected  for  preliminary  testing,  several  of  which  are  still 
vmder  consideration,  were  silicon,  aluminum,  chromium,  tantalum, 
zirconium,  titanium,  and  beryllium,  applied  both  by  cementation  and 
as  .paint  and  sinter-type  processes.  On  the  basis  of  preliminary 
screening  tests,  silicon  has  been  selected  for  intensive  study,  and 
this  is  a  preliminary  report  of  research  in  progress  on  this  phase  of 
the  program. 

II.  COATING  PROCEDURES 

Although  other  techniques  have  been,  and  are  being,  investigated,  pack 
cementation  has  been  the  principal  method  used  for  coating  preparation. 
Some  typical  experiments  are  outlined  in  Table  I.  After  investigation  of 
a  number  of  activating  agents  and  experimental  techniques,  the  following 
more  or  less  standard  procedure  was  adopted. 


Samples  of  tungsten  to  be  coated  are  outgassed  in  vacuum  at  1000°C  after 
pickling  in  an  HF-HNO^  acid  mixture  to  remove  any  surface  contamina¬ 
tion.  Typical  specimens  coated  are  0.  040"  diameter  tungsten  rod  in 
lengths  of  about  3  to  3-1/2",  These  tungsten  rods  are  packed  in  a 
mixture  consisting  of  90%,  32'5-mesh  silicon  powder  and  10%  sodium 
fluoride.  A  vitreous  silica  "tube  is  used  as  a  container  with  each  end 


plugged  with  Fiberfrar  insulation.  This  tube  is  then  placed  within 
a  Globar  furnace  in  dry  hydrogen  and  heated  at  1050°C  for  times  up 
to  16  hours. 

The-  primary  emphasis  on  this  part  of  the  program  has  been  to 
provide  samples  for  testing,  and  as  a  result,  the  various  parameters 
ir ‘"luencing  the  process  have  not  been  explored  t6  any  great  extent. 
However,  a  number  of  observations  have  been  made  on  the  basis  of 
experience,  to  date. 

In  pack  cementation  a  tiingsten  disilicide  coating  is  formed.  Figure  1 
indicates  the.  typical  structure  of  the  as-coated  0.  040"  tungsten  rods. 
The  coating  is  metallurgically  bonded  to  the  substrate  material  and 
generally  has  radial  cracks  through  to  the  tungsten,  in  the  metallo- 
graphic  sample.  It  is  not  clear  whether  these  cracks  exist  in  the 
samples  as  coated  or  whether  they  are  produced  on  metallographic 
mounting.  It  appears  most  likely  that  they  are. present  in  the  as- coated 
samples.  '  The  coating  will  form  in  recesses.  It  has  be'en  repeatedly 
'Observed  that  the  coating  Will- extend  into  cracks  and  other  defects  in 
the  tungsten.  Figure  2  illustrates- this  clearly.  No  difference  in 
coating  behavior  has  been  noted  between  Sylvania  NS  and  Zirtuhg  grades 
of  tungsten,  in  comparison  with  Puretung. 

The  coating  thickness  is  parabolic  with  time  or,  in  other  words, 
diffusion  controlled.  Sixteen  hours  are  sufficient  to  form  an  approxi¬ 
mately  4.  d-mil  coating  on  tungsten.  Taken  in  conjvinction  with  the 
radial  cracks,  this  suggests  that  the  silicide  coatings  form  by  diffusion 
of  silicon  through  the  c.bating/  reacting  -with  tungsten  at  the  silicider 
tun'gsten-interfaLcei 
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Sodium  fluoride  has  been  the  most  effective  activating  agent  used, 

(1) 

as  was  also  noted  by  Goetzel  and  Landler.  Coatings  made  with 
other  alkali  halides  are  much  thinner.  Ammonium  salts  have  been 
difficult  to  use  under  these  conditions  because  of  their  volatility. 

The  effectiveness  of  sodium  fluoride  probably  results  from  a  higher 
partial  pressure  of  silicon- containing  vapors  in  the  pack.  The 
thermodynamic  calculations  listed  in  Table  II  substantiate  this.  On 
this  basis,  KF  should  also  be  an  effective  activating  agent,  although 
Goetzel  and  Landler  noted  coating  thickness  variations  which  they 
attributed  to  the  melting  of  the  KF.  Under  the  conditions  employed, 
up  to  50%  of  the  sodium  fluoride  can  vaporize  from  the  pack  during 
the  coating  cycle.  At  1050°C  NaF  has  a  vapor  pressure  of  1  mm, 
which  can  account  for  this  loss.  A  satisfactory  diluent  for  the 
silicon  remains  to  be  found.  Alumina  and  silica  have  not  been 
satisfactory  to  date  because  of  increased  sintering  of  the  pack  and 
alteration  of  the  coating  structure. 

This  work  is  continuing,  and  it  is  planned  to  explore  the  effect  of 
process  variables  on  the  coating  and  on  its  oxidation  resistance. 


III.  COATING  EVALUATION 


Life- test  data,  combined  with  metallographic  observations,  have  been 
used  as  the  main  method  of  evaluating  coating  effectiveness.  The 
majority  of  tests  have  been  carried  out  on  coated  0.040"  tungsten  rods, 
heated  by  self- resistance  to  failure  under  static  conditions.  A  few 
cycling  tests  were  made  with  greatly  shortened  life  tin*,  s.  Under 
usual  test  conditions,  temperatures  vary  from  the  apparent  test 
temperature  at  the  center  of  the  specimen  to  about  200°  or  300°C  at 


the  water-cooled  grips.  In  addition  to  these  experiments  with 
resistance  heated  0.  040"  rods,  supplementary  tests  hc.ve  been  carried 
out,  principally  for  the  purpose  of  observing  micro  structure  changes, 
on  0.  040"  rod  and  on  0.  020"  rolled  strip  heated  for  definite  time 
periods,  either  in  the  resistance  jigs  or  in  platinum  woxind  furnaces. 

Although  resistance-jig  temperatures  were  standardized  at  1090*^C 
(200o"f),  1370°C  (2500°F),  1650°C  (3000°F)  and  1818°C  (3300°F), 
it  soon  became  clear  that,  except  at  the  highest  test  temperature 
(1818°C),  failure  usually  occurred  in  the  low-temperature  region  of 
the  specimens,  at  temperatures  between  1200°C  and  1350°C.  It  has 
been  found  possible  to  extend  substantially  low- temperature  life  by 
modifying  the  silicide  coatings.  At  1818°C  failure  occasionally 
occurred  in  the  center  of  the  specimens,  and  examination  of  the 
specimens  after  failure  revealed  crater- like  eruptions  in  the  clear 
glassy  oxide  coating,  suggesting  the  remnants  of  broken  bubbles. 

Tests  attempted  at  temperatures  above  181 8°C  failed,  either  through 
eutectic  melting  of  the  .coating  or  through  pronounced  bubbling  of  the 
coating. 

Temperatures  were  manually  controlled  and  monitored  with  a 
Micro  Optical  pyrometer.  Although  calculations  showed  that  no  more 
than  a  3-  or  4- degree  temperature  variation  need  be  expected  across 
the  cross-section  of  an  uncoated  tungsten  rod,  temperature  variations 
across  the  actual  test  specimens  with  their  thick  intermetallic  and 
oxide  coating  undoubtedly  were,  of  greater  magnitude.  A  further  factor 
complicated  assignment  of  exact  test  and  failure  temperatures. 
Comparison  of  optical  pyrometer  temperatures  with  those  obtained 
with  a  Shaw  two-color  pyrometer,  revealed. that  temperature  variations 
of  as  much  as  70°C  could  occur  in  a  few  seconds,  due  both  to  chilling 


of  the  specimens  by  drafts  and  to  variations  in  voltage  as  other 
furnaces  on  the  same  power  line  were  turned  off  and  on. 

For  all  these  reasons,  temperatures  during  these  tests  could  be 
only  roughly  indicated,  and  in  consideration  of  the  following  data, 
conclusions  regarding  the  effect  of  temperature  should  be  drawn 
cautiously.  However,  it  was  felt  that  the  ease  and  rapidity  with 
which  screening  tests  could  be  carried  out  with  resistance-jig 
heating  so  outweighed  the  disadvantages  of  inadequate  temperature 
control  that  its  continued  use  was  justified. 

A  real  variable  affecting  specimen  life  is  coating  thickness,  and 
even  in  specimens  that  fail  catastrophically  by  "pest"  formation, 
the  rate  of  oxidation  appears  to  be  diffusion  controlled.  Comparisons 
of  coating  effectiveness  must  therefore  take  this  into  accoimt,  as 
is  done  in  Table  III,  which  indicates  the  average  test  life  of  silicide 
coated  0.  040"  rod,  and  two  modified  silicide  coatings  designated 
A  and  B.  For  comparison.  Table  IV  contains  the  life  times  observed 
with  tungsten  coated  with  various  metals. 

On  the  basis  of  data  gathered  so  far,  it  appears  that  modifications 
could  improve  the  life  times  of  silicide  coatings  at  1650°C  by  a  factor 
of  about  three.  At  other  temperatures  improvement  is  not  as  obvious 
because  tests  were  arbitrarily  terminated  after  ten  hours.  However, 
the  beneficial  effects  of  these  modifications  are  apparent  from  visual 
and  metallographic  examination.  At  low  test  temperatures,  modified 
coatings  are  characterized  by  a  uniform  dark  color,  in  comparison 
with  a  milky  white  porous  outer  layer  on  the  ordinary  silicide  coatings. 
Metallographic  examination  shows  either  absence  of  or  a  lower  rate  of 
penetration  from  the  pest-type  structures  to  be  discussed  below. 
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It  must  be  emphasized  again  that  the  failures  listed  in  Table  III 
occurred  almost,  entirely  at  low  temperatures.  However,  some 
.correlation  between  maximum  specimen  temperaiure  and  life 
seems  to  exist.  On  the  other  hand,  the  metallic  i;gatings  listed  in 
Table.  IV  were  of  a  more  ordina.ry  nature  and  failure  generally 
occurred  in  the  specimen  region  of  maximum  temperature. 

Metallographic  examination  of  the  coatings  after  failure  revealed 
completely  different  structures  for  specimens  tested  at  high  and 
low  temperatures.  Figures  3  and  4  show  the  microstructures  of 
thO  high-  and  low- temperature  regions  of  an  0.  040"  tungsten  rod 
coating  with  unmodified  s’ilicide.  Failure  occurred  after  about 
13  hours,  in  the  region  of  approximately  1300°C.  Ma-ximum  test 
temperature  v/as  about  1650°C.  The  structures  are  typical,  but  the 
phases  present  have  been  only  tentatively  identified. 

In  the  high  temperature  region,  the  following  phase  sequence 
appears:  '  ■  .  ■’ 

(1)  A  thin  layer  of  glassy  o.xi.de,  most  probably  SiO^i'  either  pure  or 

■  alloyed  with  tungsten.  ■  ■ 

(2)  A  thin  layer  of  either  mixed  WSi  and  W  Si  ,  or  pure  V'  Si,, 

L  i)  3  D  3 

■  approximately  the  same  thickness  at  the  outer  layer  of  SiO^, 
resulting  from  the  selective  oxidation  of  Si  in  the  original  layer 
of  WSi^.  .  .  ■ 

(3)  The  residue  of  WSi^  with  grain  size  corresponding  to  oxidation 
temperature. 

(4)  A  layer  of  W  Si,,  the  result  of  diffusion,  of  Si  from  the  WSi.  layer 

(5)  The  tungsten  rod,  now  alloyed  with  Si  and  with  a  grain  size 
corresponding  to  the  test  temperature. 

(1) 

Similar  structures  haye  been  noted  by  Goptzel  and  Landler 


A  completely  different  and  much  more  complex  structure  is 
usually  present  in  the  regions  of  low-temperature  failure.  Due 
to  its  complexity,  identification  of  the  phase  sequence  is  much  less 
positive: 

(1)  Again,  but  only  probably,  a  thin  layer  of  SiO^. 

(2)  A  layer  of  glassy  oxide,  ranging  in  color  under  polarized  light 
from  white  to  pale  blue ,  probably  all  of  the  same  structure  but 
varying  in  composition. 

(3)  A  mixed  structure,  consisting  o£  islands  of  either  WSi_  or  W  Si 

2  5  3 

in  the  above  oxide,  with  varying  proportions  of  metal  and  oxide. 

(4)  Prior  to  failure,  the  recrystallized 

(5)  A  thin  layer  of  W  Si  . 

(6)  In  the  failure  zone,  islands  of  resulting  from  direct  oxidation 

of  tungsten,  after  complete  consumption  of  the  silicide  coatings. 

This  phase  sequence  is  the  usual  occurrence  for  low-temperature 
failures.  Occasionally,  a  microstructure  typical  of  the  high-tempera¬ 
ture  regions  appears  associated  with  low-temperature  failures.  At 
present,  it  is  not  clear  whether  this  is  the  result  of  the  above  sequence 
occurring  in  a  localized  fashion  or  of  a  different  mechanism  of  failure. 

These  data,  although  scattered  and  undeniably  erratic,  permit  some 
inferences  which  may  be  summarized  as  follows: 

(1)  Failure  at  all  test  temperatures  occur  most  generally  at  tempera¬ 
tures  between  100.0°C  and  1370°C  as  a  result  of  low-temperature 
oxidation.  Coatings  so  attacked  have  a  milky  white  appearance. 

(2)  The  silicide  coatings  can  be  modified  to  reduce  the  rate  of  low- 
temperature  oxidation  substantially. 
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(3)  All  types  of  silicide  coatings  have  an  upper  service  liniit  in  the 
•  o 

vicinity  of  1818  C.  Above  this  temperature  the  protective 

coating  can  be  destroyed  either  through  eutectic  melting  or  through 

bubbling  of  the  coating  by  gas  formation. 

IV.  DISCUSSION  OF  OXIDATION  BEHAVIOR 

All  the  data  to  date  clearly  indicate  that  the  silicide  coatings  possess 
remarkable  high- temperature  potentialities,  but  are  presently 
limited  in  usefulness  by  their  susceptibility  to  accelerated  failure  at 
low  temperatures.  Solution  of  this  problem  will  \andoubtedly  permit 
extended  life  times  up  to  temperatures  between  1800*^C  and  1900°C. 

The,  bubbling  in  the  coating  which  occurs  at  these  temperatures  is 
a  result  of  a  reaction  between  SiO^  and  the  underlying  silicide  to- 
form  SiO  (g)  at  the  interface  between  these  phases.  These  can  be 
understood  by  considering  the  thermodynamics  of  the  reaction. 

♦  (2) 

Extrapolation  of  thermodynamic  data  for  the  free  energy  of  the 
reaction 

SiO^  (^)  +  Si  W  ^  2SiO{g) 

estimates  the  equilibrium  pressure  of  SiO  (g)  to  reach  1  atm.  at 
1877°C  with  an  uncertainty  of  about  -  100°C.  In  a  silicide  phase  the 
activity  of  silicon  will  be  less,  of  course,  and  the  temperature  for  p(SiO) 

=  1  atm.  will  be  higher.  A  decrease  in  the  activity  to  0. 1,  a  value  reason¬ 
able  for  silicides,  will  increase  this  temperature  by  about  ZOd^C.  Experi¬ 
mentally  the  coating  is  observed  to  bubble  at  optical  temperatures  of 
1850°  to  ■^1950°C.  The  true  temperatures  are  probably  75°C  higher  if 
emissivity  is  taken  into  account,  and  therefore  these  observations  are 
consistent  with  the  thermodynamic  estimates . 
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Unlike  the  high -temperature  limitation,  the  basic  cause  of  low- 
temperature  failure  is  as  yet  not  well  understood.  However,  the 
particular  phase  sequences  appearing  at  high  and  low  temperatures 
suggest,  if  not  a  solution  of  the  problem,  at  least  its  statement  in 
comprehensible  terms. 


The  oxidation  of  an  alloy  may  be  viewed  as  a  problem  in  ternary 

diffusion  and  discussed  on  the  basis  of  p  .‘inciples  developed  in  the 

study  of  solid  state  diffusion.  As  is  well  known,  a  diffusion  couple 

will,  in  solid  phases,  produce  a  series  of  layers  of  phases  corres- 

(3  4  5) 

ponding  to  the  phase  diagram  for  the  particular  system.  ’  ’ 

For  example,  in  the  Sb-Sn  system,  a  diffusion  couple  will  show  a 

(4) 

layer  corresponding  to  the  p,  Sn-Sb  phase.  In  ternary  and  higher 

systems,  similar  considerations  ho  id  with  the  additional  complication 

that  there  is  generally  a  choice  of  phase  layers  or  ’•paths"  for  the 

diffusion  couple.  The  path  chosen  by  the  system  depends  on  the 

(3) 

relative  diffusion  rates  of  the  components. 


Although  the  phase  diagram  for  the  ternary  system  W-Si-O  is  not 
completely  known,  it  is  possible  to  "guess"  intelligently  at  the  phase 
diagram,  as  has  been  outlined  by  Sidebottom  and  White. 


To  construct  the  tentative  diagram  shown  in  Fig.  5,  we  proceed  as 
follows: 

The  free  energy  of  the  reaction  ZWO^  +  3  Si  ZW  +  3  SiO^  ranges 
from  -ZZl  k  cal  at  lOOO^K  to  -196  k  cal  at  Z000°K.  The  fornAtion 
of  silicide  phases  would  make  these  AF  values  more  negative. 
Therefore,  the  joins  from  the  silicide  phase  should  be  to  the  SiO^. 
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The  existence  of  other  ternary  phases,  which  would  modify  the 
diagram,  are  quite  possible  and  can  be  determined  only  by  experi¬ 
ment.  For  however,  this  simple  diagram  is  sufficient  to 

account  for  what  is  known  experimentally,  emphasizing  that  no 
pretense  is  made  of  quantitative  exactness. 

At  1650°C,  the  phase  sequence  suggests  a  “zig-zag"  diffusion  path, 

as  shown  by  the  dotted  lines  of  Fig.  5,  and  the  formation  of  SiO^. 

either  by  diffusion  of  silicon  through  the  oxide  and  reaction  at  the 

oxide-gas  interface,  or  alternatively,  by  diffusion  of  oxygen  through 

the  oxide  and  reaction  at  the  oxide- silicide  interface,  but  with 

such  rapid  diffusion  of  silicon  in  the  silicide  phases  that  no  "WO^  can 

be  formed.  It  will  be  noted  that  the  diffusion  path  is  parallel  to  the 

tie-lines  in  the  two-phase  fields,  WSi_  +  W  Si,  and  W  Si,  +  SiO,, 

2  5  3  5  3  2 

and  therefore,  as  demonstrated  by  Clark  and  Rhines,  no  mixed 
phase  regions  will  occur  in  the  phase  sequence.  Protection  is  thus 
the  result  of  the  formation  of  a  coherent,  relatively  pure  outer  layer 
of  SiO^.  Since  neither  the  diffusion  coefficients  nor  the  phase  diagram 
are  known,  this  overall  picture,  although  plausible,  is  subject  to 
modification.  In  any  event,  this  semi- quantitative  interpretation  is 
quite  satisfactory  for  describing  the  high- temperature  oxidation  of 
WSi^. 

The  low-temporature  case  is  much  less  clear  since  all  the  observed 
phases  have  not  been  identified  positively.  However,  the  observed  phase 
sequence  suggests  a  straight-line  diffusion  path,  the  dash-dot  line  of 
Fig.  5.  Tlu*  crossing  of  the  two-phase  regions  and  the  tie-lines 
epntuiiied  in  lliem  at  an  angle  would  then  result  in  the  formation  of 

(3) 

mixed  two-phase  regions,  as  has  been  indicated  by  Clark  and  Rhines. 

The  consequence  would  be  that  the  outer  layer  would  consist,  not  of 


pur^;  coherent  SiO^i  but  a  non-protective  mixture  of  , SiO^  and  WO^, 
accounting  for  the  relatively  rapid  oxidation,  (There  is  a  strong 
possibility  that  this  outer  layer  may  consist  of  SiO^  and  an  unknown 
ternary  oxide  phase,  but  this  does  not  affect  the  qualitative  validity 
of  this  argument. ) 

Since  a  straight-line  diffusion  path  requires  that  the  proportions  of 
silicon  and  tungsten  remain  relatively  constant  throughout  the  entire 
phase  sequence,  it  follows  that  at  low  temperatures  the  diffusion  of 
oxyg  n  relative  to  silicon  is  greater  than  at  high  tt  nperatures.  There 
are  no  data  to  indicate  whether  this  represents  a  decreased  mobility 
of  silicon  in  the  silicide  phase  or  an  increased  oxygen  mobility  in  the 
oxide  phase.  An  increased  uxygen  mobility  in  the  oxide  phase  could 
be  the  result  of  cracking  in  the  outer  SiO^  layer,  so  that  oxygen 
diffusion  occurs  not  through  the  lattice  but  through  tiny  microcracks. 

A  decreased  mobility  of  silicon  in  V/Si^  compared  with  that  of  oxygen 
in  SiO^  would  mean  that  oxygen  arrives  at  the  interface  more  rapidly 
tl  in  silicon,  and  therefore  combines  with  tungsten  to  form  WO^ 
simultaneously  u'ith  SiO^,  producing  a  non-protective  layer.  (The 
activation  energy  for  diffusion  of  oxygen  in  SiO,  may  be  expected  to, 
be  much  lower  than  that  for  diffusion  of  silicon  in  WSi^. )  Other 
possibilities  exist,  such  as  the  formation  of  ternary  inter-oxide 
compound.s  that  would  be  stable  only  at  low  temperatures  but  not  at 
high,  so  that  an  entirely  different  phase  diagram  and  phase  sequences 
would  occur.  These  possibilities,  as  well  as  others,  are  being  investi¬ 
gated. 

It  is  of  interest  to  generalize  on  the  implications  of  this  analysis. 


In  general  it  is  believed  that  oxidation-resistant  silicides  owe  this 
property  to  the  formation  of  a  protective  layer  of  silica.  Reversing 
the  argument,  we  can  then  say  that  for  a  silicide  to  be  oxidation 
resistant,  it  should  form  a  protective  layer  of  essentially  silica. 

(It  is  of  course  possible  that  oxidation  resistance  of  a  silicide  could 
be  obtained  from  a  different  oxide  layer,  but  there  is  no  case  of  this 
known  experimentally).  In  the  majority  of  cases,  it  is  to  be,  expected 
that  for  such  a  protective  layer  to  be  formed  two  conditions  must  be 
fulfilled: 

t  ’’nei  Tiodynamically  there  must  be  a  preference  for  oxidation  of 
the  silicon  to  form  silica  (i.e.  ,  the  join  must  be  from  silicide  to 
silica).  .  .  . 

(2)  The  diffusion  of  silicon  must  be  sufficiently  rapid  so  that  SiO^  will 
■in  fact  be  formed  preferentially  as  required  by  (1).  This  condition 
is-  adopted, somewhat  arbitrarily  from,  the  possibilities  discussed 
previously. 

On  this  basis,  it  is  obvious  that  for.  the  formation  of  a  protective  SiQ^ 
layer  in  the  initial  stages  of  the  oxidation,  a  higher  mobility  of  silico,n 
is  required  than  when  the  protective  layer  is  established.  A  reduced 
mobility  of  silicon  can  be  tolerated  for  the  maintenance  of  a  protective 
film.  Thus,  it  is  possible  that  a  silicide  may  resist  oxidation  quite  well 
under  a  protective  silica  coat,  yet  be  unable  to  establish  the  protective 
layer  on  it.'c  own. 

This  argument  also  imp.’  .js  that  small  changes  in  chemical  composition 
of  the  silicide  phases  could  be  an  important  factor  in  whether  or  not 
rapid  low-temperature  oxidation  will  occur.  The  silicon  in  a  silicon-rich 
WSi^  would  have  a  greater  mobility  than  in  a  silicon-deficient  WSi2,  and 


may  be  able  to  form  a  protective  SiO^  layer.  Preliminary  experi¬ 
ments  in  these  Laboratories  have  shown  improved  oxidation  resistance 
with  WSi-  bulk  specimens  containing  excess  silicon-  at  normal  pest 
temperatures.  Any  addition  to  WSi^  which,  through  one  mechanism  or 
another,  increases  silicon  mobility  may  help  in  forming  an  SiO^  layer. 
These  considerations  should  also  apply  to  other  oxidation- resistant 
intermetallics  such  as  aluminides  and  beryllides.  It  is  worth  noting 

that  pest-type  oxidation  phenomena  have  been  observed  in  aluminides  and 

(7) 

found  to  be  composition  dependent 

WO^  is  volatile,  especially  above  1200°C  and  in  the  presence  of  water 
vapor.  This  fact  has  frequently  been  used  in  attempting  to  interpret 
the  pest  type  phenomena  and  to  account  for  high-temperature  oxidation 
resistance.  ^  It  is  clear,  however,  that  while  the  WO^  volatility  may 
assist  in  producing  a  protective  SiO^  layer,  or  in  .avoiding  pest  at 
higher  temperatures,  it  is  not  essential  to  the  oxidation  resistance. 

The  thermodynamic  and  diffusion  factors  are  basic  to  the  establishment 
of  a  protective  layer.  Other  experimental  observations  support  this. 

For  instance,  weight  is  not  lost  on  oxidation  of  WSi^,  indicating  that 
little  tungsten  is  lost  by  volatilization.  Further,  TiSi^  shows  oxidation 
resistance  and  TiO^  is  not  volatile.  Also,  TaAl^  and  NbAl^  are 
oxidation  resistant  through  formation  of  a  layer  that  is  essentially 
Al-0_,  and  Ta  and  Nb_0  are  not  volatile. 

Although  we  have  restricted  our  analysis  here  to  the  W-Si-O  system, 
this  type  of  analysis  should  Y  applicable  to  any  oxidation  that  is 
diffusion  controlled,  including  alloys  as  well,  as  compounds  and  systems 
higher  than  ternary.  This  then  suggests  the  following  general  conclusions: 

(1)  In  a  series  of  silicides  (^luminides,  beryllides),  e.  g.  Mo^Si,  Mo^Si^, 
MoSi^i  oxidation  resistance  is  most  likely  in  ."le  silicon-rich  material, 
since  the  diffusion  of  the  silicon  to  the  surface  can  occur  more  easily 
in  this  compound. 
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(2)  Since  oxidation  behavior  may  be  strongly  affected  by  slight 
changes  in  composition,  previously  reported  results  of  poor 
oxidation  resistance  in  other  intermetallic  compounds  need  to 
be  reviewed  to  determine  if  this  could  be  a  factor  influencing 
the  observed  behavior. 

(3)  Pest -type  oxidation  processes  are  possible  in  other  ternary 
systems.  Exceptions  would  include  SiC  where  the  is  volatile, 
and  cases  where  the  mobility  of  the  oxide-former  is  sufficiently 
high  to  form  a  protective  oxide  until  the  temperature  is  so 

low  that  oxidation  is  negligible. 

(4)  The  establishment  of  the  protective  oxide  layer  at  the  start  of 

oxidation  is  the  most  critical  stage,  since  the  diffusion  of  the 
oxide-  1  '...g  constituent  must  be  most  rapid  at  this  point. 

(5)  Some  of  the  problems  of  (4)  may  be  alleviated  through  treatment 
either  at  low  temperature  or,  preferably,  at  reduced  oxygen 
pressure,  so  as  to  form  a  protective  oxide  layer. 

(6)  A  combination,  of  a  high-melting  compound  and  a  protective  oxide 
may  offer  protection  that  neither  is  capable  of  alone  (e.g.  W  Si  and 

These  conclusions  are  of  course  highly  speculative,  since  the  experi¬ 
mental  data  are  meager.  It  is  to  be  expected  that  this  picture  will  be 
modified  and  refined  in  the  future.  However,  the  theoretical  basis  for 
this  approach  is  quite  sound>  and  in  view  of  its  potential  usefulness 
in  analysis  of  oxidation  processes,  a  further  elaboration  of  the  theory 
of  ternary  diffusion  is  now  proceeding. 
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TABLE  II 


EQUILIBRIUM  PRESSURES  OF  81X4  FOR  VARIOUS 
ACTIVATING  AGENTS,  CALCULATED  FROM  THERMO¬ 
DYNAMIC  DATA. 


Activating  Agent 


P  (SiX4)  at  lOSO^C  (nun) 


TABL£  III 


TEST-Ui'E  RANGE  OF  SIUCIDE  COATINGS 


Temperature 
°C 


1095 


1370 


1650 


1818 


Thickness  Time  (hours) 

(mil)  Si  Si-A 


1 

2 

3-4 

1 

3-4 

1 


3-4 

1 

^2 

3-4 


1.5-3 
6.5  ->10* 
8  ->10 

0  -  2.  5 

0  -  >10 
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0  ->10 
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1 
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0 
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TABLE  IV 


METAL  COATING  TEST  UFE 


Temperature  Thickness  Time  (  Hours  ) 


(in.) 

A1  (pack  coating)  Be 

Cr(spray) 

Ti  (Pack) 

650 

7 

7 

. 

<0.15 

3.08 

1.  30 

500  X 


FIG.  1.  CROSS-SECTION  OF  RUN  74-Sir2  IN  THE  AS-COATED  CONDITION. 

THE  BULK  OF  THE  COATING  IS  WSi  ,  BUT  A  VERY  THIN,  ALMOST 
INDISTINGUISHABLE  LAYER  OF  Wc  ^Si3  LIES  BETWEEN  THE 
WSi2  and  the  tungsten  SUBSTATE.  THE  RADIAL  CRACKS 
OCCASSIONALLY  PENETRATE  INTO  THE  TUNGSTEN  METAL. 


Oxide 


■Oxide+WSi 


^WSi2 

^W5Si3 

-f-W02 


W 


250  X 


FIG.  4.  THE  LOW  TEMPERATURE  FAILURE  ZONE  ^1300°C) 

OF  THE  SILICIDE  COATED  SPECIMEN  OF  FIG.  3  AFTER  13 
HOURS  OXIDATION.  THE  TENTATIVE  PHASE  IDENTIFICATIONS. 
CORRESPONDS  TO  THE  DOTTED  DIFFUSION  PATH  OF  FIG.  5. 
THE  WO2  PHASE  DOES  NOT  BELONG  TO  THE  SEQUENCE  AND 
IS  THE  RESULT  OF  DIRECT  OXIDATION  OF  TUNGSTEN. 


FIG.  5.  A  TENTATIVE  PHASE  DIAGRAM  FOR  THE  W-Si-O  SYSTEM 
AT  1370°  AND  1650°C.  THERE  IS  SOME  EVIDENCE  FOR  A 
TERNARY  PHASE  NOT  INDICATED  HERE  BETWEEN  Si02 
AND  WO3.  THE  DOTTED  LINE  REPRESENTS  THE  HIGH 
TEMPERATURE  DIFFUSION  PATH  AND  THE  DASH- DOT 
LINE,  A  LOW  TEMPERATURE  PATH. 


STATUS  OF  EFFORTS  ON  REFRACTORY  MATERIALS 
IN  THE  FLIGHT  DYNAMICS  LABORATORY,  ASD 


J.  C.  INGRAM,  JR. 


Aeronautical  Systems  Division 
Wright-Patterson  Air  Force  Base,  Ohio 


STATUS  OF  EFFORTS  ON  iffiFRAGTOR^  MATERIALS 
IN  THE  FLTGKT  DYNAlyllCS  UBORATORY,  ASD 

Ihe  FJight  G/namics  Laboratory  has  current  and  in  procurement  seven  (7)  major 
efforts  in  the  field  of  refractories  which  include  metallics,  non-metallics  and 
composites.  Following  is  a  brief  summary  of  these  programs; 

I.  Refractory  Metal  Load- Carrying  Structural  Component 

This  program  was  initiated  in  June  1959  with  McDonnell  Aircraft  Corporation 
for  the  design,  fabrication  and  test  of  typical  or  representative  structural 
component  for  a  boost-glide,  re-entry  vehicle.  The  component  should  be  capable 
of  efficient  operation  for  30  minutes  up  to  2500°F  and  had  to  be  fabricated  from 
alloys  of  Cb  or  Mo.  Either  of  these  would  have  to  be  protected  from  oxidation. 

After  a  survey,  the  F-48  Cb  alloy  was  chosen  and  a  coating  nad  to  be 
developed  which  eventually  v/as  the  LB-2  cold  slurry  consisting  of  10  Cr  •»  2  Si  -  Al, 
The  basic  coat,  after  baking  out  at  500°F,  requires  an  Al  slurry  second  coat  (overlay) 
and  this  system  is  subsequently  diffusion  heat-treated  in  Argon  at  about  1900°F, 

Extreme  difficulty  was  experienced  in  obtaining  the  F-48  in  the  desired 
quality,  sizes  and  gages  and  for  some  time  the  coating  problem  appeared  to  be  as 
great.  After  two  years,  however,  essentially  enough  material  had  been  obtained,  a 
satisfactory  coating  developed  and  the  item  fabricated.  This  was  a  replica  of  a 
fixed  fin  and  deflecting  rudder  for  a  manned,  lifting-drag,  re-entry  vehicle. 

Test  of  the  asseiably  was  completed  at  McDonnell  15  July  I96IJ  however,  all 
test  objectives  were  not  ...et  because  the  neating  equipment  was  being  overtaxed. 

The  asseuibly  withstood  several  cycles  of  temperatures  up  to  2425°^’  and  several 
load  cycles  up  to  150^  of  Design  Ultimate  Load.  Tnere  was  localized  skin  wrinkling 
in  5  or  6  panels  and  approximately  10  panel  corners  were  warped.  The  coating  held 
up  v/ell  and  no  type  of  structural  failure  appeared  to  be  imminent. 

The  program  monitor  is  hlSGT  Jesse  C.  Ingram,  Jr,  with  both  technical  and 
monetary  assistance  being  given  by  the  Applications  Laboratory,  Directorate  of 
I^laterials  and  Processes, 

II.  Refractory  Metal  Fasteners 

This  program  was  initiated  in  late  May  I96I  with  Republic  Aviation  Corporation 
and  requires  the  design,  fabrication,  protection  and  test  of  structural,  mechanical 
fastening  devices  capable  of  utilization  in  the  temperature  range  of  2000  -  4500°F, 

The  items  will  be  fabricated  from  alloys  of  Cb,  Mo,  W  and  (possibly)  others. 

The  effort  specifies  modification  of  existing  designs  and  introduction  of  new 
concepts.  Both  blind  and  quick -release  fasteners  are  mandatory  ahd  production 
processes  also  will  be  developed.  No  coating  development,  per  se,  is  allowed  luider 
the  contract}  instead,  developments  already  proven  and  those  which  may  become 
available,  will  be  used. 


Because  of  the  newness  of  this  effort,  thore  is  nothing  si^if icant  to 
report.  The  program  is  being  monitored  by  MSGT  Jesse  C.  Ingram,  Jr.,  with 
assistance  being  given  by  the  Manufacturing  Tschnology  Laboratory,  Directorate 
of  Materials  and  Processes. 

III.  Frontal  Sections  for  Super-Orbital  Re-entry 

This  contract  was  awarded  Solar  Aircraft  in  early  July  I96I  and  requires 
design,  fabrication  and  test  of  six  (6)  frontal  sections  for  vehicles  re-entering 
the  earth's  atmosphere  from  extremely  hi^  altitudes  at  near-escape  velocities. 
Principal  structural  metals  will  be  W  and/or  Ta  with  the  two  greatest  problems 
being  protection  of  the  exterior  and  insulating  (for  heat  block)  the  interior. 
Utilization  temperatures  are  4500°?  externally  and  approximately  200°F  maximum 
internally. 

The  effort  is  being  monitored  by  MSGT  Jesse  C.  Ingram,  Jr,  with  augmentation 
being  provided  by  the  Applications  Laboratory,  Directcrate  of  Material's  and 
Processes,  ASD. 

IV.  Hicfa  Temneratinre  Composites  (^000  -  iiOOP^F) 

This  contract  was  awarded  the  Martin  Company  in  July  i960  and  will  continue 
for  approximately  another  year.  The  statement-of-work  originally  specified  four 
nose  units,  16"  in  diameter,  but  now  it  appears  that  v;e  will  get  no  more  than 
2  small  (4*  diameter)  hemispheres  and  2  large  units. 

Very  early,  it  was  found  that  SiC  was  no  good  and  later,  Zirconia  was  put 
aside j  however, an  effort  to  develop  ZrO  will  noi|^  continue.  At  present,  the  only 
successful  work  uas  been  done  with  Alumina,  FutvOre  work  will  include  thoria  and 
hafnia,  but  emphasis  will  be  on  ZrO,  The  largest  single  piece  unit  that  has  been 
successful  was  4"  in  diameter}  anything  larger  has  to  be  segmented, 

< 

Tests  are  made  in  a  modified  gas  jet  type  of  facility  which  employs  multiple 
nozzles  and  veurious  mixed,  combustibles.  The  parts  are  primarily  radiation  cooled 
but  do  have  supplemental  back-up  cooling  by  water. 


The  program  monitor  is  Robert  T.  Achard, 


'dM  V,  Beryllium  Structural  Composites 

l-ir,  Biis  is  a  follow-on  program  with  Aeronca  and  is  just  beginning.  The  old 

;■%  program  is  finished  and  the  work  primarily  centered  around  stainless  steel  honey- 

comb,  insulated,  and  filled  with  foamed  ceramics.  The  new  program  is  directed 
.toward  hot  sections  (principally  underbodies)  of  lifting  body  vehicles.  The 
^  old  program  was  for  18  months  and  the  new  one  is  for  the  same  duration,  initially. 


I Materials  to  be  used  are  stainless  steels  and  Inconels  for  the  honeycomb 
f-.'  with  Be  for  interfaces.  Problems  that  are  inherent  with  Be  will  probably  result 

in  having  to  decrease  emphasis  on  that  material.  Insulants  are  of  the  fibrous 
■S  ’  type,  e,  g. ,  Refrasil  or  Fiberfrax  and  ceramics  will  include  Si02»  2r0  and  ^2^3* 


2 


Ultimate  utilization  temperature  is  3400°F  for  a  period  of  one  hour  and  no 
decibel  rating  specified  except  that  a  hi^  limit  is  almost  mandatory. 


.No  coating,  per  se,  will  be  developed. 

Tests  to  be  conducted  will  include  ramjet,  radiation,  static,  plasma  and 
combinations  of  these  where  practical. 

The  program  is  being  monitored  by  James  F.  Nicholson  and  Fraik  E,  Barnett 
with  monetary  support  being  furnished  by  the  Manufacturing  Technology  Laboratory 
of  the  Directorate  of  Materials  and  Processes, 

VI.  Ultra-High  Temperature  Active  Cooling 

This  program  is  in  P.  R.  status  with  letters  of  inquiry  having  been  sent  to 
many  organizations.  These  are  in  an  attempt  to  find  out  who  has  done  what  and 
some  interesting  replies  are  being  received. 

From  the  letters  received,  approximately  4'°^  the  highest  potential  solutions 
will  be  chosen  for  further  evaluation.  From  these,  two  will  be  investigated  in 
detail. 

Both  ablation  and  transpiration  methods  and  commensurate  materials  will  be 
studied, 

VII,  Refractory  Metal  Honeycomb  Sandwich  Components 

This  program  is  presently  in  the  procurement  negotiation  stage  and  a  contract 
is  expected  in  less  than  6o  days.  Included  in  the  development  will  be  true  thern^l 
resistant  heat-shields  aiiu  aisd  structural  elements  incorporating  ^double-wall"' 
concepts.  The  heat-shields  will  be  designed  to  withstand  3000°F  temperatures 
and  the  structural  elements  2500°F  with  the  effort  being  divided  between  one 
Mo  alloy  and.  one  Cb  alloy  which  are  yet  to  be  chosen. 

Honeycomb  cores  will  be  non-perforated  and  all  core  to  face  joining  will  be  by 
brazing.  It  appears  mandatory  to  develop  brazing  alloys;  however,  no  specific  coating 
development,  per  se,  will  be  allowed. 

In  general,  tests  will  be  conducted  in  air  using  quartz  lamp  heat;  however, 
thermal  conductance  tests  will  use  a  resistance  heated  "hot-plate"  method  and  may  be 
done  in  a  vacuum  or  inert  atmosphere.  Hot  sonic  tests  will  be  conducted  up  to  l60 
decibels. 

The  initial  effort  is  for  14-15  months  and  is  being  monitored  by  P,  P,  Plank 
with  both  technical  and  monetary  assistance  being  given  by  the  Manufacturing 
Technology  Laboratory  of  the  Directorate  of  Materials  and  Processes, 


DEVELOPIOT  OF  PROTECTIVE  COATINGS 
FOR  TANTALUP’-BASE  ALLOYS 

by 

W,  D,  iCLopp,  D,  J,  Kaykuth,  and  H,  R,  Ogden 

INTRODUCTION 

Tantalum  alloys  are  currently  being  developed  which  maintain 
useful  strength  properties  up  to  at  least  3000  F,  These  hi^-strength 
alloys  also  e^iiibit  good  formability  and  ductility  to  as  low  as  -320  F, 
However,  all  of  these  fabricable  alloys  have  intrinsically  poor  03Cida- 
tion  behavior,  at  least  at  temperatures  of  2500  F  and  greater,  and,  thus, 
will  require  protective  coatings  in  order  to  serve  satisfactorily  in 
oxidizing  environments. 

The  development  of  protective  coatings  for  tantalm  alloys  was 
undertaken  at  Battelle  Ifemorial  Institute  in  Kay,  I960,  under  the  spon¬ 
sorship  of  the  Aeronautical  Systems  Division,  U.S,  Air  Force,  The  objec¬ 
tives  of  this  program  were  to  develop  coatings  for  tantalum  and  tantalum 
alloys  which  exhibit  static  and  cyclic  oxidation  resistance  above  2500  F 
ideally,  and  which  possess  self-healing  properties, 

EXPERU’ENTAL  RESULTS 

General 

The  results  of  a  comprehensive  literature  s  urvey  indicated  that 
five  general  t3rpes  of  coatings  merited  evaluation  for  protecting  tantalum. 


These  iocluded  alvuninum-base,  beiyllivun-base,  chromium-base,  silicon-base, 
and  oxide-^'ass  coatings.  The  first  two  groups,  aluminum-base  coatings 
and  beryilixun-base  coatings  on  tantal^an-,  were  under  study  at  the  Sylcor 
Division,  Sylvania  Electric  Products,  Inc,,  under  separate  Aeronautical 
Systems  Division  sponsorship;  consequently,  only  limited  studies  of 
aluminide  coatings  were  undertaken  at  Battelle, 

The  results  of  studies  on  seven  types  of  coatings,  as  determined 
by  static,  continuous-weighing  oxidation  tests  on  0,75  by  1-inch  coated 
coupons,  are  summarized  in  Table  1, 

Aluminum  coatings  showed  g  ood  oxidation  resistance  in  the  range 
2500  F  to  2700  F  when  applied  by  either  hot  dipping  or  pack  cementation. 
Chromium  coatings  could  not  be  applied  in  thicknesses  over 
0,7  mil  and  were  not  oxidation  resistant  at  2500  F,  The  most  serious 
drawback  to  the  use  of  high-chromium  coatings  is  hardening  of  the  sub¬ 
strate  by  chromium  diffusion.  Pack  deposition  of  chromium  at  2200  F 
hardened  unalloyed- tantalum  to  600  KHN  for  a  depth  of  at  least  20  mils. 

suicide  coatings  were  ea^ly  applied  by  pack  deposition  and 
showed  good  protection  at  both  2500  F  and  2700  F,  coupled  T^ith  absence 
of  diffusion  hardening  of  the  substrate  either  during  silicon  deposition 
or  subsequent  oxidation  exposure. 

Flame-sprayed  ^2^*  with  or  td.thout  ^ass  impregnation,  was 
unprotective  at  2500  F,  The  lack  of  protection  was  associated  with 
partial  oxidation  of  the  substrate  during  flame  sprajring. 

Titanium  and  hafnium  coatings  were  evaluated  as  possible  addi¬ 
tions  to  other  coatings.  These  metals  were  applied  by  pack  cementation 
using  NaF  as  the  carrier,  but  the  resultant  coatings  ware  tliin  and  non- 
proteotive. 


TABIE  1.  STOiffiY  OF  RE6'ULTS  OF  INITIAL  CGATINOS  STUDIES 


Zinc  coatings  were  evaluated  briefly  on  the  basis  of  the  Naval 
Research  Laboratory'  ^  results  with  columbium.  No  interdiffusion 
between  tantalum  and  zinc  was  observed  and  the  coatings  were  not  oxida¬ 
tion  resistant*. 

As  a  result  of  the  above-described  preliminary  evaluation, 
major  interest  in  the  Battelle  program  has  centered  on  silicide-coating 
systems. 


Studies  of  Stlicide  Coatings 

Straight  SHicide  Coatings 

A  study  of  pack-deposition  techniques  indicated  that  marked 
improvements  in  the  character  a  nd  protectiveness  of  strai^t  silicide 
coatings  could  be  achieved  try  modifying  the  deposition  conditions. 
Variables  in  this  study  included  deposition  temperature  (2000  P  to 
2400  F);  carrier  (halides  with  elements  from  Groups  I  and  H);  propor¬ 
tions  of  Al2®3*  silicon,  and  carrier  in  the  pack;  Al^O^  particle  size: 
and  number  of  deposition  cycles. 

The  deposition  rates  with  various  halides  could  be  correlated 
with  halide  stabilities  and  boiling  .points-  The  halide  of  the  coating 
element  should  be  more  stable  than  the  corresponding  tantalum  halide 
but  sli^tly  less  stable  than  the  carrier  halide.  The  coating  element 
halide  should  also  have  a  lovi  boiling  point.  The  preferred  carrier  for 
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Reference  appears  on  page  14, 


pack  deposition  of  silicon  was  determined  to  be  NaF,  This  carrier  gives 
a  3-roil  coating  of  primarily  TaSi^  in  l6  hours  at  2200  F, 

Increasing  the  silicon  concentration  of  the  pack  from  10  vol 
to  50  vol  slightly  increases  the  deposition  rate,  but  variations  in 
the  amount  of  NaF  from  1  ift  to  8  wt  ^  have  no  significant  effect. 
Increasing  the cfeposition  temperature  from  2200  F  to  2400  F  gave  a  thicker 
coating  (5  mils  compared  to  3  mils),  but  the  protective  life  at  27OO  F 
remained  about  2,5  to  3  hours. 

Significant  improvements  in  the  protective  life  were  obtained 
by  application  of  the  coating  in  two  cycles  instead  of  one  and  by 
employing  coarser  s  ized  pack.  The  average  lives  at  2700  F 

for  tantalum  coated  with  silicon  in  one  cycle,  two  cycles,  and  two 
cycles  using  coarser  (5-mil)  412©^  were  2,7,  4,8,  and  9*8  hours  respec¬ 
tively,  The  respective  coating  thicknesses  were  3»2,  3»8,  and  about 
5  mils.  The  improved  protectiveness  obtained  the  latter  technique 
is  attributed  to  greater  flow  of  the  volatile  silicon  fluoride  during 
deposition  rath  coarser  Al20^  and  to  healing  of  defects  in  the  coating 
during  the  second  coating  cycle. 

Failure  of  silicide-coated  tantalum  apparently  occurs  ly 
oxidation  of  both  tantalum  and  silicon  simultaneously  from  the  outer 
layer  of  TaSig,  The  principal  scale  formed  is  porous  Ta20^,  Oxida¬ 
tion  proceeds  through  the  TaSi^  until  the  less v^i|[ationr resistant 
lower  silicides  and  tantalum  substrate  are  .exposed, '  at  x-rtiich  time 
failure  occurs.  The  microstructure  of  a  typical  sample  after  oxida¬ 
tion  is  shot^n  in  Figure  1,  Growtii  of  the  subsiiicide,  layer  also 
occurs  during  exposure.  The  growth  rates  of  this  layer,  which  was  about 
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FIGURE  1 


MICROSTRUCTURE  OF  SILICIDE-COATED  TANTALUM 
EXPOSED  IN  AIR  FOR  3.  3  HOURS  AT  2500  F 

Initial  coating  thickness,  2.5  mils. 
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0,08  mil  as  deposited,  are  about  2.9  x  10“^  mil^/hour  at  2500  F  and 
1,1  X  10"^  mil^/hour  at  2700  F. 

Ductility  of  the  silicide-coated  tantalum  substrate  is  excel¬ 
lent  at  room  temperature  both  as  coated  and  after  exposure  at  2700  F,  The 
coating  itself  is  brittle  at  room  temperature,  having  a  hardness  of  about 
1400  ICHN. 


Silicide  -Alloy  Coatings 


The  protectiveness  of  silicide  coatings  on  tantalum  is  signifi¬ 
cantly  affected  by  alloy  additions  both  to  the  coating  and  to  the  tanta¬ 
lum  substrate.  Beneficial  additions  include  boron,  manganese,  vanadium, 
tungsten,  and,  to  a  sli^t  extent,  aluminum.  The  beneficial  additions 
are  characterized  by  their  ability  to  flux  the  SiO^  formed  during  expo¬ 
sure  into  an  adherent,  protective  glasi^  oxide  film. 

Codeposition  and  two-cycle  deposition  of  several  silicide  alloy 
coatings  were  studied  using  unalloyed  tantalum  substrates.  Alloy  coat¬ 
ings  were  applied  by  codeposition  from  packs  containing  silicon  and 
aluminum  (25  to  90  at,  ^),  boron  (l  to  20  at,  ^),  chromium  (25  to  75  ab,  ^), 
molybdenum  (20  and  33  at.  ^),  titanium  (25  to  75  at,  ^),  and  vanadium 
(2  to  10  at,  ^).  In  general,  the  results  of  the  codeposition  studies 
were  unsatisfactory.  Additions  of  chromium,  molybdenm,  titanium,  and 
vanadim  to  the  pack  reduced  the  deposition  rate  of  silicon  and  did  not 
transfer  to  the  coating  in  the  charged  ratios.  Aluminum  codeposa.ted  with 
silicon  to  a  minor  extent  and  tended  slightly  to  vitrify  the  oxide  film 


formed  during  subsequent  e^qjosure.  Boron’  oxidized  during  codeposition 


with  silicon. 
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Modification  of  the  slD.icide  coatings  hy  alternate  deposition 
of  boron  or  manganese  followed  by  silicon  gave  superior  results.  Silicon- 
boron  coatings  applied  by  two-cycle  deposition  formed  glassy  oxides  and 
exhibited  low  weight  gains  during  exposure.  The  short  life  of  this 
coating  at  2700  F,  as  seen  in  Table  2,  is  attributed  to  the  high  boron 
content  (calculated  at  79  at.  5^).  Coatings  of  Si-26  at.  Kn  formed 
^assy  coatings  on  exposure  which  were  protective  for  at  least  24  hours 
at  2700  F.  The  microstructure  of  this  coating,  shown  in  Figure  2,  shows 
no  visible  consumption  of  the  coating  by  oxidation.  This  is  in  marked 
contrast  to  the  oxidation  of  the  strai^t  TaSi^  coating  shown  in  Figure  1. 
The  composition  of  this  coating  as  well  as  the  silicide-boride  coating  is 
amenable  to  modification  by  changing  deposition  conditions. 

Alloy  addition?  to  the  tantalum  substrate  flso  exhibit  marked 
effects  on  the  protectiveness  of  silicide  and  silicide-alloy  coatings. 
Silicide-base  coatings  on  Ta-lOW  and  Ta-10Hf-5W  alloys  have  given  pro¬ 
tection  for  up  to  8  hours  at  2700  F,  as  seen  in  Table  2.  The  aluminum- 
modified  silicide  coating  appears  superior  to  the  straight  silicide 
coating , on  these  two  alloys.  The  oxide  films  formed  were  thin  and  pro¬ 
tective,  although  not  as  glassy  as  formed  on  the  Si-B  and  Si-lfe  coatings. 

Vanadium  and  columbim  in  the  tantalum  substrate  appear  partic¬ 
ularly  beneficial  in  fluxing  the  SiOg  into  a  protective  ^assy  film.  A 
binary  Ta-7.5V  alloy  formed  droplets  of  a  black,  ^assy  phase  near  the 
failure  point,  presumably  a  low-melting  cxide.  The 

silicide-coated  Ta-30Cb-5  and  lOV  alloys  formed  thin  ^assy  «5Xide  films 
and  exhibited  very  low  weight  gains  at  2700  F,  The  microstrjicture  of 


F  SILICIDE  CX}ATINGG  ON  TAl^TALUIl 
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FIGURE  2.  MICROSTRUCTURE  OF  Si-26  AT.  %  Mn  COATING  ON 
TANTALUM  AFTER  EXPOSURE  IN  AIR  FOR  24 
HOURS  AT  2700  F  (NO  FAILURE) 


Initial  coating  thickness,  9  mils. 
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coated  Ta-30Cb-10V  after  exppsure’-i?  .shown  in  Figure  3*  The  major  result 
of  exposure  is  thickening  of  the  subsilicide  layer.  Macrophotographs  of 
exposed  silicide-co£  ed  tantalum  and  Ta-30Cb-10V  alloy  samples  are  com¬ 
pared  in  Figure  4,  The  exposed  alloy  sample  exhibits  only  a  thin, 
glassy  oxide  film,  as  compared  to  a  thick  Ta20^  scale  formed  on  sHicide- 
coated  tantalum, 

CONCLUSIONS 

The  major  conclusions  from  the  current  study  are  as  follows; 

1,  Silicide-base  coatings  are  quite  attractive  for  protecting 
tantalum  and  tantalum  alloys  at  temperatures  above  2500  F,  These  coatings 
may  be  modified  by  alloying  to  give  protection  for  at  least  24  hours  at 
2700  F  idth  no  deleterious  effects  on  the  substrate.  The  glassy  oxides 
formed  also  appear  to  have  self-healing  possibilities.  The  inter¬ 
diffusion  rates  of  the  coating  tiith  the  substrate  are  relatively  lovr 
compared,  for  example,  to  silicide  coatings  on  molybdenum, 

2,  Coatings  must  be  tailored  to  the  composition  of  alloy 
substrates.  Additions  such  as  vanadium,  columbium,  and  tungsten  to 

the  substrate  significantly  improve  the  protectiveness  of  silicide  coat¬ 
ings,  In  particular,  vanadium  appears  especially  beneficial  through 
formation  of  V20^  which  induces  formation  of  a  protective,  glassy  oxide 


film. 
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FIGURE  3 


.  MIGROSTRUCTURE  OF  Sliil.CIDE-COATED  f  c  30Cb-10V 
ALLOY  AFTER  EXPOSURE  IN  AIR  FOR  '^OUPS  AT 
2700  F  (NO  FAILURE) 


Initial  coating  thicVness,  about  4  mils.  Coating  cracked 
from  substrate  during  sectioning. 


4X  A319 

Silicide-Coated  Tantalum  After  4.  7  Hours  at  2700  F 
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FIGURE 


3X  A189 

Silicide-Coated  Ta-30Cb-10V  After  7  Hours  at  2700  F 


.  SILICIDE-COATED  TANTALUM  AND  SILICIDE-COATED 
Ta-30  Cb-lOV  AFTER  EXPOSURE  AT  2700  F 
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Introduction 


The  application  f  the  L8-2  coating  to  the  McDonnell  F-48  sub-structures 
and  corrugated  panels  marks  the  first  time  the  coating  of  such  complex  com¬ 
ponents  has  been  successfully  accomplished.  This  processing  account  t :  pret^ht- 
ed  and  some  of  the  problems  encountered  are  described. 

Since  the  detailed  processing  description  involves  terminology  and  phenomena 
unfamiliar  to  most  readers  a  brief  rundown  of  the  LB-2  coating  process  is  first 
presented  to  clarify  the  actual  processing  procedure. 
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LB-2  COATING  PROCESS 


The  complete  LB-2  process  consists  of  (1)  specimen  surface  preparation, 

(2)  slurry  application,  (3)  diffusion  heat  treatment,  and  (4)  coating  in¬ 
spection  and  repair  (if  necessary) • 

Surface  Preparation 

The  specimen  must  have  smooth,  uncontaminated  surfaces  prior  to  coating. 
Sharp  edges  are  rounded  and  holes  are  de-burred  by  grinding  with'  an  abrasive 
cone.  Discolored  areas,  which  indicate  oxide  film  on  the  base  metal,  are 
also  removed  by  grinding.  In  addition,  subsurface  oxygen  contamination  of 
the  specimen  surface  is  removed  by  picklin;  3n  nitric-hydrofluoric  acid  so¬ 
lution  . 

After  pickling,  thickness  measurements  are  made  at  specific  locations  on 
the  specimen  to  allow  later  determination  of  coating  thickness. 

Finally  the  specimen  is  prepared  for  coating  with  the  twy  LB-2  slurries 
by  suspending  with  tantalum  wires  or  support  hooks  and  washing  with  acetone 
to  remove  grease  and  foreign  matter. 

S}urry  Application 

The  base-coat  slurry  consists  of  10%  Cr-2%  Si-Al  alloy  suspended  in  an 
acetone-xylene  vehicle.  The  top  coat  slurry,  hereafter  referred  to  as  30  LN, 
consists  of  a  Reynolds  aluminum  paste  suspended  in  an  acetone-xylene  vehicle. 
Both  slurries  require  thorough  mixing  before  and  during  use  to  prevent  the 
suspended  axloy  or  metal  from  settling  out .  When  the  slurries  are  not  in  use 
the  containers  are  tightly  sealed  to  prevent  evaporation  of  the  solvent  vehicle 


The  slurries  are  applied  to  the  specimen  by  dipping,  painting,  or 
spraying  as  dictated  by  the  configuration  or  complexity-  of  the  part.  The 
30IiN  is  more  difficult  to  apply  by  painting  than  is  the  base  coat.  However, 
both  slurries  are  easily  applied  by  dipping  or  spraying".  If  the  specimen  to 
be  coated  is  an  assembled  structure,  the  faying  surfaces  should  be  painted 
with  the  base  coat  prior  to  assembly. 

The  base  coat  slurry  is  applied  tc  the  specimen  Tirst  and  allowed  to 
air  dry  for  one  hour.  T'  e  30LN  slurry  is  then  applied  over  the  dry  base 
coat  and  air  dried  for  2-24  hours. 

Diffusion  Heat  Treatment 

Following  the  air  drying,  the  slurry  coated  specimen  is  ready  for  the 
diffusion  heat  treatment.  The  specimen  is  attached  to  a  support  rack  which 
is  inserted  into  a  retort.  The  retort  is  sealed  and  checked  for  leak 
tightness.  When  leak  tight,  the  retort  is  purged  with  purified  argon  by 
evacuating  the  retort  and  backfilling  with  argon.  The  argon  is  passed  through 
a  molecular  sieve  or  silica  gel  dryer  and  a  1500°F  Ti  sponge  train  before  it 
enters  the  retort. 

After  the  re  jrt  is  purged,  it  is  placed  in  a  cold  furnace  for  the  diffusion 
heat  treatment  cycle.  Argon  gas  flow  through  the  retort  is  maintained  during  the 
entire  cycle  and  is  exhausted  through  an  oil  seal  to  prevent  air  from  backstream- 
ing  into  the  retort. 

The  temperature  is  increased  to  500°F  and  maintained  for  30  minutes  during 
which  time  the  evolution  of  organic  material  from  the  dried  slurries  begins. 

This  phenomenon,  called  "boiloff"',  is  evidenced  by  a  dense  grey  smoke  which  issues 
from  the  retort  exhaust  system.  After  the  500°F  soak,  the  temperature  is  increased 
to  1900°F.  The  "boiloff"  continues  until  a  temperature  between  1000°  and  1300°F  is 


reached.  After  one  hour  at  1900°F  the  retort  is  removed  from  the  furnace  and 
air  cooled  to  room  temperature. 

Coating  Inspection  And  Repair 

After  heat  treatment,  the  coated  specimen  is  cleaned,  inspected,  and  repair 
coated  if  necessary. 

Normally  a  grey-yellow  residue  is  formed  during  heat  treatment  and  is  re¬ 
moved  from  exterior  specimen  surfaces  by  brushing  and  acetone  rinsing.  Interior 
surfaces  are  cleaned  by  gas  blasting  and  acetone  rinsing. 

The  cleaned  specimen  is  remeasured  and  the  coating  thickness  determined. 

The  coating  is  considered  adequate  if  the  thickness  increase  totals  3  mils 
(0.003  inches)  and  both  sides  of  the  measured  surface  have  a  light  grey 
appearance.  Thinly  coated  areas  have  a  dark  blue-grey  appearance  and  generally 
have  a  total  coating  thickness  of  1.5  -  2.0  mils.  These  areas  have  a  single 
intermetallic  diffusion  zone  present  whereas  the  standard  coating  has  two  discrete 
intermetallic  zones.  Uncoated  areas  present  a  dull,  tan  metallic  lustre  after  heat 
treatment . 

Questionable  areas  are  ground  lightly  with  an  abrasive  cone  to  determine  if 
uncoated  spots  exist.  Grinding  of  a  normal  coating  or  the  intermetallic  alone 
with  an  abrasive  cone  produces  a  shiny  finish.  Uncoated  spots  will  appear  dull 
by  comparison.  Uncoated  areas  and  coated  areas  considered  marginal  with  respect 
to  oxidation  resistance  are  repair  coated.  The  surfaces  are  ground  and/or  pickled 
until  visibly  clean,  the  slurries  ai-e  re-applied  to  the  prepared  areas,  and  the 
diffusion  heat  treatment  is  repeated. 

The  LB-2  coating  protects  FS-80,  F-48,  FS-82,  F-50,  and  Cb-65  columbium  alloys 
for  two  hours  at  2500°F  in  static  air. 


This  general  description  of  the  LB-2  coating  process  has  not  been  directly 
related  to  the  processing  of  a  particular  Cb  alloy  structure.  Therefore  the 
applicability  of  the  process  to  complex  structures  is  indicated  by  the  following 
detailed  account  of  the  processing  of  the  McDonnell  F-48  sub-assemblies . 

F-48  SUB-ASSEMBLY  PROCESSING 

The  application  of  the  LB-2  oxidation  resistant  coating  to  the  McDonnell 
F-48  sub-structure  and  panels  was  accomplished  in  accordance  with  the  previously 
mentioned  operating  steps. 

I .  Pre-Coating  Preparation 

II •  Slurry  Coating  Application 

III.  Diffusion  Heat  Treatment 

IV.  Post-Coating  Inspection  And  Repair 

I ,  Pre-Coati:;g  Preparation 

The  pre-coating  preparation  involved  surface  preparation,  mapping  and  measur¬ 
ing  of  all  accessible  surfaces,  and  the  fixturing  of  each  sub-assembly,  i.e.  fin, 
rudder,  and  panels,  for  coating  and  heat  treatment. 

Surface  Preparation 

To  properly  condition  the  structures  and  panels  for  coating,  the  surface  pre¬ 
parations  required  were: 

(1)  De-burring  and  rounding  of  all  holes  and  sharp  edges  to  insure  adequate 
edge  coatings; 

(2)  The  removal  of  all  visible  contamination  by  grinding  or  pickling  to  avoid 
uncoated  areas; 

(3)  Complete  removal  of  all  base  coat  slurry  and  foreign  matter  from  non-faying 


surfaces’. 


All  holes  in  the  fin  and  rudder  members  were  ground  smooth  except  for  those 
in  blind  areas  and  all  sharp  edges  were  rounded.  The  corrugated  panels  were 


processed  in  the  same  manner.  However,  some  burred  panel  holes  were  inaccessible 


for  conditioning. 

All  tan  and/or  blue  discolorations  were  removed  from  the  fin  and  rudder  by 
grinding.  Neither  fin  nor  rudder  was  pickled  since  adequate  rinsing  was  not 


possible .  Discolorations  and  copper  remaining  from  the  spat  welding  operation 
were  removed  from  the  panels  by  pickling.  Pickling  time  and  solution  strengths 
were  such  that  0.3  mils  was  the  maximum  reduction  in  sheet  thickness. 

Some  of  the  sub-structures  non-faying  surfaces  were  partially  covered  by 
excess  base  coat  slurry  which  was  applied  to  the  faying  surfaces  during  fabri¬ 
cation.  Experience  has  shown  that  the  30  LN  slurry  will  not  wet  the  base  coat 
if  it  has  dried  for  more  than  a  few  hours.  Since  some  of  this  excess  base  coat 
was  weeks  old  its  complete  removal  was  necessary.  The  fin  and  rudder  was  first" 


wiped  with  dry  cheese  cloth  and  then  with  acetone  saturated  cheese  cloth.  In 
addition,  the  fin  was  sprayed  thoroughly  with  acetone.  The  acetone  also  served 
to  remove  any  grease  or  oil  on  the  structure  surfaces. 


SZ 


Mapping 

The  complexity  of  the  sub-assemblies  demanded  that  a  map  of  each  section  be 
prepared  to  locate  the  various  members  for  thickness  measurements. 

Both  fin  and  rudder  members  were  divided  into  ten  groups .  A  map  was  made  of 
each  group  and  the  thickness  of  each  accessible  member  was  measured  and  recorded 


on  the  map.  The  rudder  was  measured  at  318  locations  and  the  fin  at  161  locations. 


Seventeen  of  the  corrugated  panels  were  mapped  and  measured.  The  number  of 
measurements  varied  from  1-8  for  these  panels  depending  on  the  individual  panel 
construction.  The  remaining  two  panels  could  not  be  measured  accurately. 
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Rudder 

The  base  coat  was  applied  to  the  rudder  with  squirt  bottle  and  paint  brush 
in  about  two  hours  time .  Af te^*  a  one  hour  drying  period  the  base  coat  was  in¬ 
spected  and  all  visible  bare  areas  were  spot-coated. 

The  30  LN  top  coat  could  not  be  applied  effectively  by  squirt  bottle  or  paint 
brush  due  to  its  thixotropy  (plasticity).  Therefore,  the  bulk  of  the  30LN  was 
applied  to  the  rudder  by  manually  operated  spray  gun.  The  entire  operation  re¬ 
quired  about  6  hours.  Subsequent  handling  of  the  slurry  coated  rudder  removed 
the  30LN  from  some  areas.  These  spots  were  paint  patched  only  4  hours  prior  to 
heat  treatment.  Therefore  30LN  drying  time  varied  from  4  to  12  hours  on  the 
rudder . 
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Figure  1  Columbium  Alloy  Rudder 


The  experience  gained  from  coating  the  rudder  indicated  that  the  more 
complex  fin  should  be  sprayed  with  both  slurries. 

Therefore,  after  a  thorough  spraying  with  acetone,  the  fin  was  coated 
with  both  slurries  in  a  paint  spray  booth  using  a  standard  air-operated  paint 
spray  gun.  Total  spraying  time  for  both  coats  was  about  one  hour.  Base  coat 
drying  time  was  one  hour  while  the  30  LN  drying  time  was  about  16  hours. 

Panel 

The  corrugated  panel  configuration  required  that  a  dipping  or  pouring 
method  be  used  to  obtain  slurry  coverage  of  all  surfaces.  Three  panels  were 
coated  by  pouring.  The  remaining  16  panels  were  hand-dipped, 

III .  Diffusion  Heat  Treatment 

During  the  LB-2  development  program  the  heat  treatments  were  conducted 

in  small,  easily  operated  equipment.  The  gas  flow  rate  used  was  equivalent 

to  40  times  the  retort  volume  per  hour.  Retort  pressure  was  maintained  at 

2-3  psig.  The  maximum  surface  area  processed  at  one  time  was  about  25  square 
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inches  -  a  surface  area  to  retort  volume  ratio  of  150  in  /ft  . 

To  duplicate  these  conditions  in  full  scale  equipment  would  have  required 
an  immense  heat  treatment  system  and  a  prohibitive  gas  consumption  rate. 

Therefore  simulated  structure  heat  treatments  were  made  to  establish  the  process 
conditions  and  handling  procedures  necessary  to  permit  the  successful  coating  of 
the  fin  and  rudder.  The  information  gained  from  these  "shakedown"  runs  led  to  the 
use  of  the  equipment  and  process  described  as  follows: 


Fin  And  Rudder 


1,  Equipment 

The  equipment  used  to  accomplish  the  heat  treatment  of  the  fin  and 
rudder  consisted  of  (1)  the  angle  iron  rack  shown  in  Figure  1,  (2)  the  retort 
shown  in  Figure  3  ,  (3)  an  argon  purification  system,  and  (4)  a  large  General 
Electric  box  furnace. 

The  retort  and  retort  lid  were  constructed  from  J"  thick  mild  steel  with 
peripheral  braces  formed  from  i"  X  2  angle  iron.  The  number  of  welds  needed 
to  form  the  retort  was  minimized  to  reduce  the  probability  of  weld  rupture 
during  heat  treatment.  There  were  no  horizontal  corner  welds.  The  retort  inside 
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dimensions  were  15"  wide,  45"  high,  and  65"  long,  the  volume  was  25.4  ft  and  the 
weight  was  approximately  1600  pounds.  The  heat  treat  furnace  was  an  open  element 
electric  resistance  type  with  no  atmosphere  control.  The  furnace  control  cali¬ 
bration  was  Air  Force  certified. 

2 .  Preparation  For  Heat  Treat 

The  preparations  required  between  coating  and  heat  treatment  included: 
(1)  guyihS  stracturhs  to  rack  and  installing  rack  in  retort,  (2)  sealing  and 
purging  retort,  (3)  painting  retort  and  gas  tubing.  The  structures  v/ere  attached 
firmly  to  the  rack  with  wires  v/hich  had  been  attached  to  the  structures  before 
coating  thus  minimizing  damage  of  the  slurry  coating  during  the  guying  operation. 
All  areas  marred  during  the  wiring  operation  was  pai  patched  with  one  or  both 
slurries.  A  piece  of  Ti  foil  was  attached  to  the  rack  to  act  as  an  internal 
getter  during  the  heat  treatment .  The  rack  was  then  inserted  into  the  retort  and 
braced  to  prevent  movement  inside  the  retcjrt.  The  lid  was  arc-welded  to  the 
retort,  the  retort  was  made  leak-tight,  and  the  air  in  the  retort  was  removed 
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Figrure  3  Retort  Used  For  Diffusion  Heat  Treatment  Of  Fin  And  Rudder  Sub-Assemblies 


by  evacuating  to  10-15"  Hg  absolute  pressure  and  backfilling  with  argon  to 
1  psig  three  times.  In  addition,  the  retort  was  purged  for  a  minimum  of 
30  minutes  at  60  SCFH  argon  flow  before  heat  treatment . 

Finally,  the  necessary,  gas  tubing  was  attached  and  the  retort  and 
tubing  were  painted  with  "NO-CARB"^  ^  to  prevent  decarburization  and 
oxidation . 

3.  Diffusion  Heat  Treatment 

The  purged  retort,  with  argon  flowing  rhrough,  was  inserted  into 
the  furnace  while  the  furnace  temperature  was  100-400°F  and  the  diffusion 
heat  treatment  was  conducted  according  to  the  standard  cycle. 

The  temperature  was  increased  to  500°F  and  held  for  30  minutes. 

Then  the  temperature  was  Increased  to  1900°F  at  an  average  rate  of  450°F 
per  hour  and  held  for  80  minutes  followed  by  an  air  cool  to  room  tempera¬ 
ture  .  The  additional  20  minutes  at  1900°F  was  allowed  to  insure  that  the 
structure  was  at  the  1900°F  diffusion  temperature  for  60  minutes.  The 
"boiloff"  occurred  in  the  500-1300°F  range  and  although  it  was  quite  vigorous 
for  both  fin  and  rudder  it  did  not  cause  any  noticeable  pressure  buildup  in 
the  retort.  The  argon  flow  was  maintained  at  50-60  SCFH  during  the  entire 
heat  treatment .  The  argon  dewpoint  was  -80  to  -95°F  according  to  measurements 
made  during  the  heat  treatments.  The  argon  was  exhausted  through  an  oil  seal 
to  prevent  air  from  back  streaming  into  the  retort  and  to  maintain  a  slight 
positive  pressure  in  the  retort. 

The  rudder  had  an  estimated  surface  area  of  5500  in^  which  gave  a  surface 
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area  to  retort  volume  ratio  of  220  in  /ft  .  During  LiB-2  development  this  ratio 

2  3 

did  not  exceed  150  in  /ft  and  usually  was  much  less.  Surface  area  of  the  fin 
was  not  measured  but  was  estimated  to  be  less  than  that  of  the  rudder. 

(1)  Park  Chemical  Company  protective  paint. 
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The  NO-CARB  protective  paint  effectively  prevented  scaling  of  the  retort 
exterior.  The  retort  interior  was  clean  after  each  of  the  four  sub-structure 
heat  treatments  thus  indicating  that  a  satisfactory  atmosphere  was  maintained. 

No  deformation  of  the  retort  occurred  until  the  sixth  cycle  when  the  rear 
end  bulged  slightly. 


Corrugated  Panels 
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Processing  of  the  corrugated  panels  also  requii*ed  a  heat  treatment  system 
much  larger  than  that  used  during  the  LB-2  development  work.  Again  scale-up 
runs  were  made  to  define  the  eqtiipment  and  process  conditions  required  for 
processing  the  panels.  The  information  gained  from  the  scale-up  runs  is  reflect¬ 
ed  in  the  following  description  of  equipment  and  processing. 

1.  Equipment 

With  the  exception  of  one  panel,  which  was  coated  during  the  second 
fin  heat  treatment,  all  corrugated  panels  were  processed  in  an  Inconel  retort 
shown  in  Figure  4. 

The  retort  dimensions  were:  9”  wide,  18"  high  and  52"  long.  The  retort 
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volume  was  about  5  ft  .  The  front  lid  was  bolted  on,  gasket  sealed,  water  cool¬ 
ed,  and  contained  two  thermocouple  wells  which  ran  the  entire  length  of  the 


retort . 


The  panels  were  supported  in  the  angle  iron  rack  shown  in  Figure  2 . 
The  gas  purification  system  was  essentially  the  same  as  that  used  for 
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the  sub-structure  heat  treatments . 

The  Inconel  retort  was  heated  in  a  Waltz  Glo-bar  furnace. 


2.  Panel  Heat  Treat 


The  rack  with  slurry  coated  panels  attached  was  inserted  into  the 
retort  after  the  retort  interior  had  been  acetone  cleaned.  The  lid  was  then 
bolted  on  and  the  retort  made  leak  tight.  The  retort  was  purged  by  evacuating 
to  15"  Hg  absolute  pressure  and  backfilling  with  argon  three  times  and  then 
inserted  into  the  furnace.  The  furnace  temperature  was  increased  to  700°F 
in  one  hour.  (This  condition  was  arbitrarily  chosen  to  replace  the  1/2  hour 
soak  at  500°F  since  the  furnace  control  system  did  not  program  below  1000°F) . 
Then  the  temperature  was  raised  to  1900°F  in  2  i  hours  and  held  for  one 
hour. 

The  retort  temperature  actually  varied  from  1890-1940°F  in  the  region 
where  the  panels  were  located.  This  temperature  gradient  was  caused  by  the 
need  for  water  cooling  the  front  lid  gasket.  Experience  had  shown  that  no 
apparent  change  in  oxidation  resistance  results  from  diffusion  heat  treating 
over  this  temperature  range. 

The  argon  flow  rate  was  maintained  at  16  SCFH  for  the  panel  heat 
treatments.  The  argon  dewpoints  varied  from  -90°F  to  -105°F  during  the 
panel  heat  treatments. 

Panels  were  successfully  processed  in  the  Inconel  retort  with  surface 
area  to  retort  volume  ratios  up  to  6O0  in^/ft^. 

No  retort  surface  preparation  was  rt  quired .  Scaling  of  the  retort 
exterior  was  negligible  after  more  than  25  cycles. 

IV.  Post  Coating  Examination  And  Repair 
Rudder 

Preliminary  visual  inspection  revealed  apparently  thin  or  uncoated  areas. 
Subsequent  measurement  of  these  questionable  areas  showed  the  coating  thickness 


to  be  about  2.5  mils  as  compared  to  7.6  mils  average  on  the  remainder  of  the 

rudder.  Even  so  the  thin  areas  did  not  appear  to  expose  base  metal.  Intensive 

grinding  of  these  areas  resulted  in  less  than  one  square  inch  of  base  metal 

2 

being  exposed  out  of  a  total  rudder  surface  of  about  5500  in  .  Thus  the  thin 
areas  definitely  appeared  to  contain  the  protective  intermetallic  layer. 
However,  this  particular  phenomenon  had  not  been  encountered  before  and  to 
assure  that  the  rudder  would  be  adequately  coated  a  series  of  tests  were  made 
to  determine  the  cause  of  the  thin  areas  and  confirm  repair  capability  of  the 
LB-2  process.  For  these  tests,  the  following  panels  were  prepared: 

1.  Two  F-48  panels  were  coated  with  30LN  only. 

2.  Two  F-48  panels  were  coated  with  base  coat  only. 

3.  Two  F-48  panels  were  contaminated  in  air  at  2000°F;  the  contaminated 
surface  from  half  of  each  panel  was  removed  by  grinding,  the  panels 
were  then  coated  with  both  slurries. 

4.  Two  F-48  panels  contaminated  by  the  boil-off  during  the  rudder  heat 
treat  were  ground  clean  and  coated  with  both  slurries. 

These  panels  were  given  the  normal  diffusion  heat  treatment  with  the 
following  results. (Figure  5) 

1.  Panels  coated  with  30LN  only,  had  rough,  metallic  appearance  and  ex¬ 
hibited  heavy  edge  failure  after  2  hours  at  24-25000°F  in  static  air. 

2.  Panels  coated  with  base  coat  only  had  the  essential  appearance  of  the 
thin  areas  on  the  rudder.  Coating  was  about  1.5  mils  thick.  Only 
slight  edge  failure  occurred  after  2  hours  at  24-2500°F  in  static 
air. 

3.  The  panel  which  had  been  ground  on  ’one-half  only  had  no  coating  on 
contaminated  areas.  The  other  half  coated  satisfactorily  and  with- 
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stood  2  hours  at  24-2500°F  without  failure. 

4.  Panels  which  had  been  decontaminated  by  grinding  coated  satisfactorily 
and  withstood  the  oxidation  test  even  without  edge  preparation. 

To  test  the  feasibility  of  obtaining  short  time  protection  by  the  slurries 
without  heat  treatment,  two  panels  were  slurry  coated  and  exposed  to  air  at 
2450°F.  The  slurry  oxidized  rapidly  but  remained  intact  for  15  minutes.  After 
25  minutes  the  oxide  coating  had  spalled  away  from  the  base  metal  as  shown  in 
Figure  6. 

From  these  tests  the  following  conclusions  were  drawn. 

1 .  The  30LK  overcoat  did  not  stay  on  the  structure  during  the  entire  heat 
treatment  in  the  thin  areas. 

2.  The  primary  intermetallic  zone  is  formed  by  the  base  coat. 

3.  Contamination,  as  expected,  prevents  the  formation  of  a  coating. 

4.  Grinding  adequately  prepares  a  contaminated  surface  for  patch  coating. 

5.  Un-heat  treated  slurry  provides  short  time  protection  (  15  minutes) 

to  base  metal. 

Therefore  all  questionable  areas  on  the  rudder  were  thoroughly  ground  and” 
the  two  slurries  reapplied  to  the  ground  areas.  The  entire  rudder  was  heat 
treated  a  second  time.  The  patched  areas  gained  an  average  of  3.4  mils  ad¬ 
ditional  coating  i.e.  from  2.8  mils  to  6.2  mils  average  total  coating.  ATX 
patched  areas  had  good  coating  appearance. 

Fin 

After  heat  treatment  the  fin  also  had  some  thinly  coated  areas.  Grinding 
of  these  areas  produced  no  base  metal  exposure  but  to  assure  adequate  coating 
the  fin  was  also  patch  coated.  A  coating  ihcrease  of  2.8  mils  average  was  ob¬ 
tained  going  from  2.5  to  5.3  mils.  The  average  coating  thickness  on  the  fin 
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was  6.1  mils  which  is  about  1.5  mils  lower  than  obtained  on  the  rudder.  This 
is  believed  due  to  the  fact  that  spraying  the  30LN  top  coat  onto  the  fin  pro¬ 
duced  a  thinner  top  coat  and  consequently  a  thinner  overall  coating. 

Panels 

Whereas  no  truly  uncoated  spots  were  found  on  either  fin  or  rudder,  un¬ 
coated  spots  were  found  on  16  of  the  19  panels  processed.  Figure  6  shows  one 
of  three  panels  which  had  extensive  uncoated  areas  in  the  spot  welded  sections 
of  the  corrugations.  The  remaining  13  panels  had  uncoated  spots  primarily  in 
small  edge  areas  near  90°  bends  with  only  isolated  and  infrequent  uncoated 
spots  occurring  in  the  corrugations. 

All  uncoated  spots  are  believed  to  have  resulted  from  contamination 
invisible  to  the  naked  eye  yet  deep  enough  into  the  base  metal  that  the  light 
•:ickle  used  prior  to  coating  would  not  remove  it. 

The  three  panels  which  had  extensive  uncoated  areas  near  the  spot  welds 
in  the  corrugations  were  swab  pickled  both  inside  and  outside  the  corrugations 
after  a  light  alundum  grit  blast,  and  completely  recoated  with  both  slurries 
to  assure  that  no  uncoated  spots  remained  inside  the  corrugations.  The  inside 
surfaces  of  the  panel  corrugations  were  inspected  visually  and  presented  the 
same  appearance  as  the  outside  surfaces  in  all  cases.  No  uncoated  spots  were 
detected  inside  the  corrugated  surfaces. 

The  remaining  13  panels  were  processed  by  grinding  the  uncoated  areas, 
painting  the  base  coat  on  the  ground  areas,  and  coating  the  entire  panel  v/ith 
30LN  slurry  to  avoid  discoloration  of  the  unpatched  surfaces  during  heat 


treatment . 


A  total  of  13  panel  heat  treatments  were  required.  In  six  of  these 
runs  control  panels  were  coated  for  oxidation  testing.  All  control  panels 
successfully  withstood  the  standard  2  hours  at  2500°F  in  static  air  —  even 
without  edge  preparation.  Panel  coating  thickness  averaged  7.9  mils  in  a 
4-10  mil  range. 

CONCLUSIONS; 

The  foregoing  discussion  has  shown  that  the  LB-2  slurry  coating  process 
is  readily  applicable  to  large,  complex  Cb  alloy  structures.  True,  the  final 
evaluation  of  the  oxidation  resistance  of  the  coated  fin-rudder  assembly  cannot 
be  made  until  after  the  structure  tests  are  conducted.  However,  past  experience 
has  shown  that  LB-2  coated  F-48  which  had  the  coating  thickness  and  appearance 
of  the  fin,  rudder,  and  panels  has  ever  failed  during  2  hours  at  2500°F  in 
static  air. 

All  components  had  average  coating  thicknesses  well  above  the  1.5  mils 
per  side  considered  adequate.  The  rudder  averaged  3.8  mils  per  side,  the 
fin  3.0  mils  per  side,  and  the  panels  4  mils  per  side. 

Thus  it  is  believed  that  the  MdDpnnell  fin-rudder  assembly  has  the  best 
oxidation  resistant  coating  obtainable  from  the  LB-2  process  at  the  present 
state  of  the  art. 
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1.  INTRODUCTION 


North  American  Aviation,  Inc.  is  conducting  studies  of  hypersonic 
recoverable  booster  systems  and  of  re-entry  vehicles.  In  these 
advanced  designs,  it  will  be  necessary  to  use  refractory  metals  for 
critical  structural  components  with  operating  temperatures  from 
about  1800  F  up  to  about  3000  F.  However,  the  efficient  use  of 
refractory  metals  is  conditioned  upon  the  effectiveness  of  pro¬ 
tective  coatings  for  prevention  of  oxidation  and  gas  absorption. 

The  effective  protection  of  mechanical  joints  is  of  particular 
concern  since  some  of  the  refractory  metals  may  not  be  readily 
weldable.  The  Los  Angeles  Division  of  North  American  is  therefore 
conducting  an  investigation  intended  to  determine  the  feasibility 
''f  protecting  refractory  metal  structures  from  the  effects  of 
extreme  environments.  The  program  will  also  support  the  advanced 
design  studies  of  the  Space  and  Information  Systems  Division  of 
North  American.  Coating  systems  developed  by  outside  organizations 
and  by  North  American  are  being  studied. 


2.  EVALUATION  OF  COATING  SYSTEMS  DEVELOPED  BY  OUTSIDE 
ORGANIZATIONS 

2.  1  Screening  Tests 


2.  1.  1  Four  refractory  metals,  along  with  a  number  of , available  . 
protective  coatings,  were  used  during  initial  screeening  tests: 

Refractory  Metal  No.  of  Coatings- 


Molybdenum  TZM  3 

Columbium'i’S-82  3 

Columbium  F-48'  3 

Tantalum-,  unalloyed  2  ' 


Simple  test  coupons  were  submitted,  to  the  various  suppliers  for 
application  of  their  protective  coatings.  The  coated  coupons  were 
then  tested  by  (1)  a  succession  of  1  1/2  hour  thermal  cycles  (each 
cycle  including  1/2  hour  at  maximum  tempei-ature)  in  a  static,  sea- 
level  air  environment,  at  maxirnum  temperatures  up  to  about  3000  F, 
and  (2)  a  continuous  exposure  to  a  high  velocity  gas  stream  at 
temperatures  up  to  about  3000  F.  Molybdenum  TZM  alloy  with  Durak 
coating  and  Columbium  FS-82  alloy  with  LB-2  coating  were  selected 
for  further  testing.  The  selection  of  these  metal-coating  systems 
was  based  not  only  upon  the  screening  te.st  results,  but  also  on  the 
cost  and  availability  of  the  base  metals  and  the  coatings.  Some  of 
the  significant  screening  test  results  are  as  follows: 


Test 


Results 


Sample 


Temp.  (F) 


TZM/Durak 

Thermal  Cycle 

2800 

4  cycles  with  1. 6% 
weight  loss.  Edge  and 
surface  failure. 

TZM/Durak 

Erosion 

3000 

1.5  hr.  with  0.  05% 
weight  loss.  Edge 
failure  only. 

FS-827LB-2 

Thermal  cycle 

2600 

4  cycles  with  0.6% 
weight  .gain.  General 
failure. 

FS-82/LB-2 

Erosion 

2600 

45  min.  with  5.  6% 

weight  loss.  Edge 
failure  only. 


2.  1'.  2"  Columbium  F-48'  alloy  was  not  selected  for  further  testing 
due  to  procurerhent  difficulties,  and  tantalum  due  to  unavailability 
of  a  suitable  coating. 


2.  2  Coated  Mecha!nical  Joints 

2,  2.  1  The  effectiveness  of  the  selected  coatings  for  protecting 
mechanical  joints  will  be  determined  by  subjecting  simple 
riveted  lap  joints,  1  1/4  in.  wide,  to  (1)  erosion  in  a  high 
velocity  gas  stream  and  (2)  thermal  cycling,  under  stress,  in  a 
static  sea-level  air  environment.  The  Molybdenum  TZM/Durak 
specimens  will  be  tested  at  temperatures  up  to  about  3000  F,  and 
the  Colxmibium  FS-82/LB-2  specimens  up  to  about  2600  F.  These 
temperatures  were  selected  in  accordance  with  the  results  of  the 
screening  tests.  Some  of. the  test  specimens  have  been  coated  and 
testing  has  commenced.  However,  no,  test  results  are  available  at 
this  date. 


2.  2.-2  Following  the  completion  of  the  simple  riveted  joint 
testing,  a  more  complex  specimen  will  be  designed,  fabricated, 
coated,  and  tested  by  thermal  cycling  and  erosion. 

2.  3  Effects  of  High  Temperature  Exposure  on  Mechanical  Properties 
of  Coated  Refractory  Metals  -  An  investigation  of  the 
deteriorating  effects  of  high  temperatures  on  the  mechanical 
properties  of  coated  refractory  metals  has  been  initiated.  Tensile, 
creep,  and  riveted  joint  coupons  of  Columbium  FS-82  alloy  and  Moly¬ 
bdenum  TZM  alloy  are  being  prepared  and  coated.  The  tensile  and 


riveted  joint  specimens  will  be  heated  up  to  about  3000  F  for 
various  times  and  then  tested  for  mechanical  strength  in  compari¬ 
son  with  unheated  specimens.  Creep  strength,  and  static  strength 
after  exposure  to  creep  conditions,  will  be  determined.  Specimens 
subjected  to  various  test  conditions  will  be  examined  for  pro¬ 
gressive  diffusion  of  the  coatings  into  the  base  metals.  Testing 
has  commenced  but  no  results  are  available  at  this  date. 

3.  DEVELOPMENT  OF  COATING  SYSTEM  FOR  COLUMBIUM 

3.  1  Description  -  An  aluminizing  coating  for  columbium  is  being 
developed  at  North  American  and  was  first  reported  at  the  Fourth 
Meeting  of  the  Refractory  Composites  Working  Group.  The  coating 
slurry  is  composed  of  a  mixture  of  aluminum  and  ceramic  powders  in 
an  organic  vehicle,  and  is  applied  by  spraying,  dipping,  or  brush¬ 
ing.  After  drying,  the  slurry  coated  parts  are  heated  to  1900  F, 
in  argon,  for  one  hour.  A  protective  columbium  aluminide  surface 
is  formed  by  diffusion  and  surface  reaction. 

3.  2  Preliminary  Tests 

3.2. 1  In  preliminary  oxidation  testing,  aluminized  Columbixim 
FS-82  alloy  specimens  were  exposed  at  2600  F  for  three  hours  in  a 
static  oxidizing  atmosphere  without  visible  harmful  effects. 

3.  2.  2  Tensile  coupons  of  aluminized  FS-82  were  subjected  to 
various  elevated  temperature  exposures  and  then  tested  at  room 
temperature.  The  tensile  properties  thus  determined  are  listed 
below,  in  comparison  with  unheated  materials: 


Exposure _  Strength  (KSI) _  Elongation 


Temp.  (F) 

Time  (hr. ) 

Ultimate 

0.  2%  Yield 

(%  in  2  in 

1850 

1 

64.9 

45.0 

23.5 

1850 

1 

plus  2540 

1  1/2 

69.0 

54.8 

22.  9 

1850 

1 

plus  2580 

3 

74.  5 

62.  1 

25.4 

(Unexposed, 

unc>  ated  base  metalj^ 68.  4 

47.6 

19.  8 

(Unexposed, 

coated)=!= 

64.  0 

43.7 

18.5 

*  Control  tests 

The  above  results  are  preliminary  in  nature  and  represent 
single  point  data.  However,  the  data  indicated  that  strength  has  in- 


creased,  without  attendant  loss  of  ductility,  with  increasing 
exposure  time.  This  apparent  strengthening  effect  cannot  be 
explained  at  this  date. 

3.  3  Future  Work 

3.3.1  The  results  of  the  exposure  tests  (Section  3. 2)  will  be 
verified  by  further  investigation,  and  then  compared  with  the 
results  of  similar  tests  of  other  columbium- coating  systems. 

3.  3.  2  Aluminized  columbium  will  be  tested  for  oxidation  resist¬ 
ance  by  exposure  to  a  high  velocity  gas  stream- and. by  thermal' 
cycling  in  a  static,  sea-level  air  environment. 

3.3.3  The  capability  of  protecting  columbium  mechanical  joints 
with  the  aliiminizing  coating  will  be  investigated. 

3.3.4  The  applicability  of  the  aluminizing  coating  to  other  metals., 
refractory  and  non- refractory,  will  be  investigated.  ‘ 
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ABSTRACT 


The  present  metallic  coatings  effort  of  Pfaudler  Research  is  concerned 
with  (1)  advanced  stuc^  of  the  statistically  evaluated  reliable  and  reproducible  PFR-6 
coating  process  for  protection  of  molybdenum  base  alloys  against  oxidation  at  3000“F, 
and  (2)  development  of  protective  coatings  for  columbium  base  alloys.  Production 
size  capability  and  evaluation  data  for  PFR-6,  and  results  of  oxidation  resistance 
tests  on  coatings  for  columbium  base  alloys  are  presented  and  discussed. 
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1.  INTRODUCTION 


Many  coating  processes  have  been  extensively  studied  in  Pfaudler  Research 
Department  for  the  development  of  protective  coatings  for  several  refractory  metal 
substrates.  The  best  coating  technique  has  appeared  to  be  the  pack  cementation  pro¬ 
cess.  Three  general  process  concepts  were  used  in  the  development  work  associated 
with  an  oxidation  resistant  protective  coating  for  molybdenum.  These  were:  (1)  Single¬ 
cycle  codeposition;  (2)  Mvdticycle  codeposition;  and  (3)  Multicycle  deposition. 

Employing  these  concepts,  41  protective  coatings  were  developed  for  molyb¬ 
denum  base  alloys  and  were  statistically  evaluated  for  reliability  and  reproducibility 
to  meet  Air  Force  requirements.  A  final  selection  of  a  single-cycle  codeposition 
coating,  designated  PFR-6,  was  made  and  this  coating  was  optimized  and  extensively 
evaluated. 


The  columbium  base  alloy  systems  are  much  more  complicated  than  those 
of  molybdenum.  However,  because  of  some  similarities  in  behavior  between  colum¬ 
bium  and  molybdenum,  similar  coating  conc^ts  have  been  applied  to  the  development 
of  oxidation  resistant  coatings  for  columbium  base  alloys.  A  great  deal  of  additional 
basic  stu(fy  is  being  carried  out  in  order  to  produce  suitable  protective  coatings  for 
particular  columbium  base  alloys.  Preliminary  modifications  of  coating  processes 
have  been  investigated,  however,  and  promising  results  have  be«i  obtained. 
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2.  PFR-6  COATING  FOR  MOLYBDENUM  BASE  ALLOYS 


After  a  year's  intensive  study  of  coating  processes  and  the  statistical  eval¬ 
uation  of  coating  prc^rties,  an  outstandingly  reliable  and  reproducible  coating  desig¬ 
nated  PFR-6  was  achieved  from  41  coating  systems  studied.  This  work  was  spon¬ 
sored  under  (Contract  AF  33(6i6)-7192.  The  PFR-6  coating,  a  single-cycle  code>osit, 
has  a  process  time  shorter  than  that  of  any  coating  produced  by  a  multicycle  process. 
Therefore,  PFR-6  not  only  possesses  desirable  properties  but  also  is  economical  to 
produce.  It  also  allows  adequate  limits  for  process  variances  since  time  and  tempera¬ 
ture  of  processing  are  easy  to  control.  The  microstructure  of  PFR-6  on  Mo-0. 5%  Ti 
sheet  is  shown  in  Figure  1. 

Extensive  evaluation  of  PFR-6  has  bear  carried  out  in  this  laboratory  and 
by  the  Climax  Molybdenum  Conpany.  The  most  important  coating  property  to  be 
determined  is  that  of  coating  lifetime  in  a  specific  oxidizing  environment.  While 
high  temperature  oxidizing  environments  ranging  from  so-called  static  tests  to  plas¬ 
ma  jet  tests  were  considered,  an  oxidizing  o^acetylene  torch  test  was  selected  for 
evaluation  of  PFR-6.  This  choice  was  dictated  1^  ease  of  test  control  and  calibra¬ 
tion,  availability  of  equipment,  and  the  speed  of  testing  required  in  evaluating  large 
(statistically  significant)  numbers  of  samples. 

A  triple  torch  test  was  devised  and  calibrated  statistically.  A  22/8  flow 
rate  ratio  of  oi^en  to  acetylene  was  enployed,  exposing  the  test  samples  to  an 
excess  oi^en  flame.  The  data  obtained  from  this  test  were  treated  statistically 
with  respect  to  batches,  <perators,  and  torch  rproducibility.  On  the  basis  of  an 
Analysis  of  Variance  Study  (Table  1)  PFR-6  has  been  shown  to  be  reliable  and  repro¬ 
ducible. 


While  lifetime  at  3000*F  (optical)  is  relatively  short  (although  sufficient 
for  probable  re-entiy  profiles),  data  taken  in  the  torch  environment  at  a  series  of 
other  surface  temperatures  (Table  2)  show  that  a  lifetime  of  10-15  hr  at  2800*F  may 
be  antic4)ated,  with  correspondingly  shorter  lifetimes  at  higher  temperatures. 

These  data  are  averages  of  only  three  tests  at  each  temperature  and  should  not  be 
(xmsidered  statistically  reliable. 

Another  parameter  of  importance  is  the  influence  of  coating  thidmess  on 
lifetime  and  correlation  of  high-temperature  oxidation  resistance  and  coating  thidc- 
ness  for  structural  design  purposes.  Preliminary  data  (Figure  2)  indicate  that  thidcer 
coatings  do  result  in  extended  life.  The  data  shown  are  based  on  metallogrsphic  thidc- 
ness  measurements  and  oT^acetylene  torch  test  data  conpiled  from  the  optimization 
study  of  the  PFR-6  coating.  Few  data  are  available  for  very  thin  coatings,  however, 
and  because  of  the  considerable  scatter  of  data,  only  a  tentative  conclusion  should  be 
drawn. 


TABLE  1.  PFR-6  ANALYSIS  OF  VARIANCE  STUDY. 

STATISTICAL  EVALUATION  SUMMARY  OF  OXYACETYLENE  TORCH  TEST  DATA. 


Variable 

Average  coatina  life 
at  3000*  F,  ^  hr 

X 

Variagce,  hr 
s 

Standard 
deviation,  hr 

s 

Operator  No.  1 

1.32 

0.067 

0.258 

Operator  No.  2 

1.38 

0.163 

0.403 

Operator  No.  3 

1.41 

0.169 

0.410 

AH  Samples  1.36  0.111  0.333 


Calculation  of  confidence  limit  for  all  samples 

95%  confidence  limit  =  X  +  1 . 96  a 

=  1.361  +  1.96  (0.333) 

=  1.361  +  0.653 


0.71  hr  to  2.01  hr 


TABLE  2.  COATING  LIFE  OF  PFR-6  AT  SE\_,RAL  TEMPERATURES. 


aEstimated  true  temperature  based  on  emissivily  of  0.8. 


Long  oxidation  tests  at  1800®F  and  2000“F  and  cumulative  oxidation  test¬ 
ing  at  a  series  of  elevated  temperatu.res  have  been  carried  out  by  the  Climax  Molyb¬ 
denum  Company  on  PFR-6.  The  tests  were  carried  out  by  heating  each  sample  in  a 
separate  compartment  in  an  electrically  heated  muffle  furnace.  Air  was  introduced 
at  the  rear  of  each  compartment  and  was  regulated  to  flow  over  the  sample  at  a  veloc¬ 
ity  of  about  25  ft  per  min.  During  the  test,  samples  were  closely  observed  for  evi¬ 
dence  of  failure  indicated  by  evolution  of  molybdenum  trioxide  and  were  also  inspected 
at  intervals,  at  room  temperature,  to  find  visible  flaws.  Data  obtained  at  1800®F  and 
2000°F  (Table  3)  indicate  that  PFR-6  exhibits  a  life  of  approximately  1000  hr  in  this 
temperature  range,  although  tbie  reproducibility  of  the  coating  life  could  be  improved. 
Within  this  test  regime,  however,  minimum  life  was  812  hr  and  maximum  life  at 
least  1000  hr. 

The  cumulative  oxidation  data  (Table  4)  indicate  that  PFR-6  protects 
Mo-0. 5%  Ti  substrate  for  time  periods  up  to  25  hr  within  the  temperature  range 
1800°F  to  2600®F.  As  much  as  6  hr  of  this  test  ejqiosure  was  at  2500-2600°F.  The 
wide  variations  in  coating  life  reported  at  elevated  temperatures  are  associated  with 
a  range  of  test  temperatures .  The  apparent  variability  in  lifetime  would  be  reduced 
if  the  results  could  be  correlated  with  accurate  temperature  determinations. 

It  should  be  pointed  out  that  the  data  in  Tables  3  and  4  were  obtained  with 
PFR-6  samples  prepared  in  January  1961.  Since  then  the  reproducibility  of  PFR-6 
has  been  improved. 

Thermal  shock  tests  on  PFR-6  were  also  conducted  by  Climax.  A  specially 
constructed  thermal  shock  cycle  apparatus  was  used  in  which  the  samples  were  heat¬ 
ed  from  80®F  to  testing  temperatures  in  30  sec,  held  at  testing  temperature  for  15  sec, 
then  cooled  to  80'’F  in  45  sec  by  air  blast.  Every  10  cycles  the  samples  were  allowed 
to  cool  in  still  air  so  that  failures  might  be  detected.  The  data  developed  in  these 
tests  (Table  5)  indicate  excellent  thermal  shock  tests  for  the  PFR-6  coating. 

Data  obtained  from  low  temperature  ductility  tests  (Table  6)  indicate  that 
the  PFR-6  coating  process  does  not  severely  impair  the  mechanical  properties  of 
the  substrate. 

In  the  Pfaudler  Laboratory,  oxidation  tests  were  carried  out  on  bent  sam¬ 
ples  to  determine  the  extent  of  damage  brought  about  by  bending.  Samples  were  bent 
over  a  1.5  in. radius  die  at  150'’F  prior  to  the  ojgracetylene  torch  test.  Since  in  earlier, 
more  severe  bending  tests  failure  appeared  on  the  concave  side  of  the  bent  samples , 
the  torch  flame  was  directed  onto  the  concave  side  of  the  sample  for  the  oxidation  tests. 
As  in  previous  work,  the  3000®F  test  temperature  was  measured  by  an  optical  pyro¬ 
meter  assuming  an  omittance  of  1.0. (Assuming  an  emittance  of  0.8,  the  test  tempera¬ 
ture  would  be  3125®F.)  In  addition  to  the  Climax  test  results,  these  post-bend  ojgracet- 
ylcne  torch  test  data  (Table  7)  indicate  that  the  bend  ductility  of  the  PFR-6  coated 
Mo-0. 5%  Ti  substrate  is  adequate  in  the  working  range  ejq)lored. 


TABLE  3.  COATING  LIFE  OF  PFR-6  AT  1800«F  and  2000*1^ . 


Sample 

No. 

Total  hours 
at  1800*F 

Total  hours 
at  2000“F 

Remarks 

K 

1 

500 

500 

OK. 

2 

500 

312 

Failure  at  surface  and  edge. 

- 

3 

500 

312 

Complete  failure. 

* 

4 

500 

336 

FaUure  at  one  end. 

5 

500 

356 

Failure  due  to  small  blister. 

- 

6 

500 

500 

OK. 

7 

500 

428 

Failure  at  surface. 

Coating  was  broken  due  to  im¬ 
proper  handling. 


8 


60 


TABLE  4.  CUMULATIVE  OXIDATION  TESTS  OF  PFR-G". 


^Data  courtesy  of  Climax  Molybdenum  Company. 
^FaUed. 


^Data  courtesy  of  Climax  Molybdoaim  Compaiqr. 

^The  two  ends  of  each  specimen,  designated  ”A”  and  "B”,  were  tested  simultaneously 


Condition  of 
sample^ 

Temperature,  "F 

JBend  smgle 
degrees 

Remarks 

Uncoated 

-80 

7 

Failed. 

Mo-0.5%Ti 

-70 

6 

Failed. 

-60 

45 

Fail^. 

-20 

150 

Limit  of  fixture®. 

30 

150 

Limit  of  fixture®. 

78 

150 

Limit  of  fixture®. 

As  coated 

78 

8 

Failed. 

110 

20 

Failed. 

120 

16 

Failed. 

125 

35 

Failed. 

130 

150 

Limit  of  fixture®. 

150 

150 

Limit  of  fixture®. 

Coated  samples 

78 

4 

Failed. 

e^qposed  for  500  hr 
at  1800®F  plus 

150 

3 

Failed. 

25  hr  at  2000*F 

175 

75 

Failed. 

Limit  of  fixture® 


200 


150 


TABLET. 


POST-BEND  LIFE  OF  PFR-6  IN  THE  OXYACETYLENE  TORCH 


Batch  No. 


Post-bend  coating  life 
at  300yF.  hr* 


3.  SCALE-UP  OF  THE  PFR-6  COATING  PROCESS 


The  PFR-6  coating  has  been  shown  to  produce  optimum  protection  >^en 
processing  conditions  are  controlled  over  specific  time  and  temperature  ranges. 
These  specific  processing  conditions,  vdiich  are  well  established  for  furnaces  and 
retorts  of  laboratory  size,  must  be  maintained  in  scale-up  operation.  The  initial 
calibration  of  the  temperature  and  time  gradients  in  larger  furnaces  and  retorts 
was  performed  in  75  KVA  Globar  and  gas  fired  furnaces  with  retort  sizes  of  18.5  in. 
X  18.75  in.x  22.25  in.and  24  in.x  24  in.x  42  in,  respectively. 

A  time-iemperature  calibration  curve  typical  of  those  obtained  is  shown 
in  Figure  3.  These  data  were  obtained  from  the  thermocouple  placement  shown  in 
Figure  4.  *  At  present,  specially  designed  retorts  are  used  for  large  structures 
with  particular  shapes.  By  this  means  temperature-timO  gradients  can  be  effec¬ 
tively  and  economically  controlled. 

Furnaces  available  for  metallic  coating  at  Pfaudler  range  from  0.70  to 
15.0  cu  ft  in  working  capacity  and  can  handle  loads  to  5400  lb.  However,  for  lai^er 
structures  additional  facilities  and  more  extensive  calibration  of  temperature-time 
gradients  are  needed  to  produce  the  PFR-6  coating. 

Currently,  intermediate  sized  objects  are  being  coated  with  PFR-6. 

For  example,  a  molybdenum  nozzle  configuration  (Figure  5)  15.875  in.  in  m^mum 
diameter  and  14. 375  in.  in  height  has  been  coated.  A  number  of  molybdenum  elec¬ 
trodes  (Figure  6)  have  been  coated  also.  These  range.from  1.5  in.  to  4  in.  in 
diameter  and  14  in.  to  18.875  in.  in  length. 

Problems  currently  tmder  study  or  to  be  investigated  in  the  near  future 
include  edge  and  comer  coverage  for  thin  substrates,  special  geometry,  fabricabil- 
ity  and  assembly  of  coated  components,  coating  repairability,  and  the  development 
of  data  applicable  to  engineering  performance  tradeoffs. 


*An  extensive  discussion  of  retort  calibration  is  contained  in  Pfaudler  Report 
PF61-12,  Quarterly  Progress  Report  No.  1,  covering  period  March  1  to  June  10,1961, 
for  Contract  AF  33(616)-8125. 


Calibration  Run  No.  1  for  Furnace  No 


Fig.  5  PFR-6  Coated  Nozzle  Configuration 
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4.  PROTECTIVE  COATINGS  FOR  COLUMBIUM  BASE  ALLOYS 


The  coiicq)ts  employed  in  the  pack  diffusion  coating  processes  for  colum- 
bium  base  alloys  are  somewhat  similar  to  those  for  molybdenum  base  alloys,  but 
imique  problems  are  presented  by  columbium.  One  of  the  problems  considered  of 
most  importance  in  producing  diffusion  coatings  on  columbium  base  alloys  is  the 
occlusion  of  hydrogen  by  the  substrate.  Hydrogen  is  present  as  the  reducing  agent 
throughout  the  actual  pack  diffusion  process  and  unless  its  absorption  is  controlled, 
severe  embrittlement  of  the  substrate  will  occur.  Some  attempts  have  been  made 
to  avoid  the  absorption  of  hydrogen  by  using  high  processing  temperatures,  since 
the  occlusion  of  hydrogen  by  columbium  is  exothermic.  Unfoirtunately,  high  process¬ 
ing  temperaturesmay  cause  recrystallization  of  the  columbium  alloy  substrates  and 
may  impair  their  mechanical  properties.  Removal  of  hydrogen  by  post-heat  treat¬ 
ment  under  vacuum  has  also  been  tried.  This  treatment  not  only  requires  high  tem¬ 
peratures  but  is  d^endent  upon  the  permeability  of  the  coatings  to  hydrogen.  It  can 
also  cause  recrystallization  of  the  substrate. 

While  ammonium  salts  have  been  employed  in  the  pack  cementation  pro¬ 
cesses,  the  use  of  these  salts  for  cementation  coating  on  colunobium  would  introduce 
the  problem  of  nitride  contamination  of  the  columbium.  This,  like  hydrogen  occlu¬ 
sion,  must  also  be  avoided. 

Large  amounts  of  alloying  elements  are  needed  to  bring  about  the  fayorable 
mechanical  properties  of  colunobium  base  alloys.  The  presaice  of  these  alloyed  sub¬ 
strates  in  the  pack  cementation  process  makes  the  process  of  diffusion  more  conoplex 
by  the  formation  of  certain  materials  which  may  not  be  coiiq>atible  with  a  given  coat¬ 
ing  system  or  technique.  For  example,  the  di^sion  rate  of  cert£^  elements  is  re¬ 
duced  by  the  presence  of  titanium  and  zirconium  in  the  substrate.  It  is  necessary, 
therefore,  to  design  coating  systems  \^ich  take  into  account  not  only  the  presence  of 
the  columbium,  but  also  those  alloying  elements  present. 

Solutions  to  these  problems  have  been  experimentally  confirmed  in  Pfaudler 
Research.  Following  completion  of  e^erimental  screening  involving  a  number  of 
coating  compositions  for  columbium  base  alloys,  two  alloy  coating  systems  have 
proved  worthy  of  further  investigation. 

The  first  columbium  alloy  coating  system  which  has  been  investigated  to  a 
moderate  extent  includes  substrates  of  D-31  alloy,  Cb-1%  Zr  alloy,  F-48  alloy,  C-103 
alloy,  FS-82  alloy,  and  imalloyed  columbium.  These  are  protected  by  a  two-cycle 
cementation  process  (Figure  7) .  The  first  cycle  consists  of  a  pre-coating  cementa¬ 
tion  treatment  and  the  second  cycle  is  a  codeposition  of  silicon  and  an  alloying  element. 
Several  alloy  ratios  have  been  investigated  for  maximizing  performance,  r^ypical 
lifetimes  of  from  7  to  18  hr  are  obtained  when  samples  are  tested  in  a  dynamic  oxy- 
aceiylene  torch  facility  at  an  optically  measured  temperature  of  2600'*F  (Table  8). 

The  torch  facility  used  is  identical  to  that  employed  in  the  research-work  on  molyb¬ 
denum.  It  is  fully  instmmented  for  oxygen  and  acetylene  flow  rates  and  it  has  been 
statistically  calibrated.  The  flame  yields  an  excess  oxygen  environment.  Further 
work  is  proceeding  on  optimizing  the  performance  of  this  coating. 


TABLE  8.  COATINGS  FOR  COLUMBIUM  AND  COLUMBIUM  BASE  ALLOYS 


^-Temperatures  were  measured  with  optical  pyrometer  assuming  coating  emittance 


A  second  columbium  alloy  coating  system  involves  the  FS-82  substrate 
protected  by  a  single-cycle  alloy  qodeposition  coating  with  alloying  elements  applied 
by  tile  cementation  process  (Figure  8) .  Preliminary  performance  data  (Table  8) 
indicate  that  lifetimes  of  from  4.5  to  7.5  hr  at  2600®F  can  be  obtained  reproducibly. 
As  in  the  previous  case,  evaluation  was  carried  out  in  the  calibrated  oigracelylene 
torch  facility. 

It  should  be  noted  again  that  in  all  of  the  evaluation  work  temperatures 
were  measured  optically  and  determined  on  the  basis  of  a  coating  emittance  of  1.0. 
It  is  believed  that  the  actual  emittance  for  these  coatings  is  considerably  less  and 
therefore  that  true  tengieratures  are  higher. 


DURAK-B  High  Reliability  Coating  for  Molybdenum 

Base  Alloys 

The  DTJRAK-B  Coating  is  a  modified  cementation  applied 
silicide  coating  for  use  on  molybdenum  alloys. 

The  need  for  drastic  Improvement  of  disilicide  coatings 
for  the  protection  of  molybdenvim  alloys  against  oxidation  under 
dynamic  sftress  and  high  temperature  became  evident  to  us  during 
the  early  application  of  W-2  and  DURAK  coatings  to  various  high 
temperature  problems.  Typically,  simple  “first  generation”  di¬ 
silicide  coatings  show  a  wide  scatter  of  service  life  and  a  ten¬ 
dency  towards  the  development  of  unpredictable  failures, 
particularly  on  edges  and  corners.  In  addition,  we  ei^^erienced 
cracking  and  gross  spalling  of  outer  coating  layers  on  earlier 
coatings  which,  while  they  did  not  prevent  the  coating  from 
meeting  most  of  the  needs  prevalent  at  that  time,  certainly 
lowered  service  life,  emissivlty  and,  at  least,  psychologically 
affected  confidence  in  the  finished  article. 

In  addition,  an  urgent  need  developed  for  a  coating  to 
meet  the  requirements  of  the  Tory  II-A  Nuclear  Reactor  Project 
which  Involved  high  reliability  oxidation  resistance  at  a  maximum 
service  temperature  of  the  order  of  2000/2200®F.  For  reasons 
still  obscure,  we  found  that  earlier  coatings  could  not  be  de¬ 
pended  upon  in  this  temperature  range  for  this  application. 

The  DURAK-B  coating  was  developed  about  year  ago  on  a 
corporate  funded  project.  Since  that  time,  we  have  treated 
approximately  30,000  sq.  in.  of  molybdenum  alloy  in  sections 
ranging  from  .008”  diameter  wire  to  massive  sections  machined 


from  bar  stock.  We  are  pleased  to  be  able  to  say  at  this  time 


that  we  have  yet  to  observe  a  single  coating  failure  of  any  kind 
occurring  during  post  treatment  oxidation.  In  addition  to  the 
elimination  of  random  failures,  we  have  observed  that  the  DURAK-B 
coating  possesses  a  more  consistent,  even,  dark  color  after  being 
heated.  It  ‘is  interesting  to  note  the  Aero  jet  emissivity  test 
data  on  DURAK-B  which  shows  a  total  emissivity  of  approximately 
.94  at  temperatures  over  2600°F. 

Complete  freedom  from  the  "superficial  spalling"  seems 
to  be  typical  of  DURAK-B.  In  addition,  cracking  of  the  external 
coating  layers,  particularly  along  small  radii,  is  rarely  ob¬ 


served  on  DURAK-B. 


The  mode  of  failure  of  DURAK-B  coating  is  highly 


encouraging.  This  mode  of  failure  seems  to  be  general  and  time- 


temperature  dependent,  with  no  particular  preference  for  edges 
or  corners.  Also,  it  has  been  observed,  both  here  and  at  the 
Chroinalloy  laboratory  in  Nyack,  that  the  ccrvice  life  scatter  is 
greatly  reduced.  We  recently  had  occasion  to  test  a  DURAK-B 
coating  which  was  applied  to  a  half  dozen  specimens  and  found 
that  all  the  specimens  failed  within  one  hour  of  each  other. 
There  is  also  strong  evidence  that  the  DURAK-B  coating  offers 
about  three  to  four  times  the  service  life  of  W-2  coatings  of 
equivalent  case  depths.  Systematic  study  of  this  is  now 


underway. 


Another  advantage  offered  by  this  improved  technique 
is  the  ability  to  coat  fine  wire  without  undue  embrittlement. 


We  have  coated  wire  as  fine  as  .008"  diameter  which  repeatedly 


1.  •*- 


provides  protection  for  20  hours  at  310b°F.  in  air. 
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Ftirther,  DURAK-B  seems  to  have  a  much  greater  tolerance 
for  substrate  defects  than  any  previous  coating.  We  were  called 
upon  to  coat  a  number  of  3"  diameter  wire  screens .  These  were 
made  up  of  molybdenxim  wires  approximately  .  030"  In  diameter.,  woven 
on  1/8"  centers.  The  cross-over  shaded  area  between  the  wire 
strands,  In  effect,  produces  the  equivalent  of  a  controlled  and 
reproduceable  surface  defect.  Earlier  coatings  were  unable  to 
protect  this  shaded  area,  but  the  DURAK-B  coating  has  consist¬ 
ently  shown  adequate  protection  In  these  critical  points.  In 
addition,  we  have  successfully  coated  .008"  diameter  wires  that 
were  twisted  around  one  another  prior  to  coating.  One  explanation 
may  relate  to  the  observation  that  on  the  basis  of  dimensional 
change  versus  case  depth  measurements,  DURAK-B  coatings  show  sig¬ 
nificantly  greater  diffusion  than  do  earlier  coatings. 

Some  Idea  of  service  life  of  DURAK-B  coated  molybdenum 
alloy  can  be  derived  from  the  following  data  which  were  obtained 
by  heating  test  specimens  In  slowly  moving  air  with  the  specimens 
being  withdrawn  for  cooling  to  room  ten^eratiure  at  12-hour  Inter¬ 
vals.  2000®F.,  no  falltures  after  7500  hows.  These  tests  are 
still  In  progress.  2700°F. ,  180  hours. 

At  this  date,  over  100  different  applications  have  been 
made  of  the  DURAK-B  coating.  As  far  as  we  know,  all  of  these 
applications  have  been  successful.  We  are  unaware  of  a  single 
Instance  where  DURAK-B  has  failed  to  live  up  to  expectations. 


DURAK-MGF  Coating  for  Tungsten 

This  coating  was  recently  applied  to  a  welded  tungsten 
liquid-fueled  (hydrazine,  nitrogen  tetra-oxide)  rocket  motor  of 
approximately  3/4"  diameter  throat.  Under  test,  the  estimated 
gas  temperatiire  was  4600^F.  The  estimated  internal  metal  temper¬ 
ature  was  3600°F. ,  and  the  measured  external  metal  temperature 
was  3100°F.  An  uncoated  motor,  after  a  single  80-second  cycle, 
showed  failures  consisting  of  feather-like  esetruaions  of  tungsten, 
protruding  out  of  .the  nozzle.  The  DURAK-MGF  coated  motor  ex¬ 
perienced  two  300-second  cycles.  There  was  no  failure  with  the 
exception  of  a  minor  pin  hole  on  an  external  metal  surface. 

There  was  no  visible  damage  in  the  throat  area. 


RECENT  INVESTIGATIONS  OF 


REFRACTORY  COMPOSITES 


ERIC  L.  STRAUSS 


The  Martin  Company 
Baltimore,  Maryland 


I.  INTRODUCTION 


Since  presenting  a  report  ^  to  the  4th  Meeting  of  the  Refractory 
Composites  Working  Group  in  November  1960  (which  summarized 
Martin  investigations  of  refractory  composites  during  the  preceding 
five  years).  The  Martin  Company  has  continued  materials  investigations 
in  three  distinct  areas: 

1.  Evaluation  of  Coatings  for  Molybdenum 

This  work  has  been  conducted  under  the  sponsorship  of  the  U,  S. 

Navy,  Bureau  of  Weapons,  Contract  NOw  60 -0321c.  The  investigation 
was  made  to  evaluate  the  performance  of  coatings  for  molybdenum 
under  conditions,  relevant  to  re-entry  vehicle  environments,  that  would 
serve  to  aid  in  the  establishment  of  design  criteria. 

2.  High  Temperature  Composite  Structure 

This  work  is  sponsored  by  the  Aeronautical  Systems  Division, 
Wright-Patterson  Air  Force  Base,  (Xiio,  under  Contract  AF33(6I6)-7497, 
Project  No.  1368,  Task  No.  13719.  The- purpose  of  this  program  is  the 
design,  development,  fabrication,  test  and  evaluation  of  a  nose  con'e-type 
heat  shield,  capable  of  efficient  operation  with  surface  temperatures 
in  the  range  of  3000*  to  4000*  F.  This  component  will  be  a  representa¬ 
tive  structural  element  complete  with  details  suitable  for  efficient 
structiiral  use  on  hyperther mantle  vehicles. 

3.  Re  sin -Impregnated  Porous  Ceramics 

This  effort  involves  the  continuation  of  research,  initiated  by  The 
Martin  Company  several  years  ago,  to  develop  effective  heat  shield 
materials  which  will  thermally  protect  the  body  of  glide  and  lifting 
re-entry  vehicles,  without  undergoing  a  change  in  shape. 


(1) "Summary  of  Martin  Investigations  of  Refractory  Composites," 
E,  L.  Strauss,  The  Martin  Company,  ER  11540,  October  1960. 
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II.  EVALUATION  OF  COATINGS  FOR  MOLYBDENUM 


Environmental  factors  affecting  the  performance  of  coated  molybde¬ 
num  structures  include  dynamic  pressure  airloads  and  resultant  struc¬ 
tural  strains,  temperature  and  time.  To  investigate  these  parameters, 
test  conditions  were  selected  to  include: 

(1)  Temperatures  from  2000“  F  to  the  maximum  at  which  the 
coatings  afforded  protection, 

(2)  Pressures  from  0.01  to  1  atmosphere. 

(3)  Strains  from  0  to  1%. 

(4)  Time  at  temperature  to  1-1/2  hr  maximum. 

The  experimental  test  program  was  formulated  on  the  assumption 
that  two  basic  types  of  failure  might  be  expected  to  occur  in  diffusion- 
type  coatings:  U)  cracking  failures  and  (2)  diffusipn.failures.  Crack¬ 
ing  failures  are  characterized  by  discrete  separations  in  the  coating, 
exposing  the  base  metal  to  oxidation.  This  type  of  failure  is  primarily 
a  function  of  temperature  and  strain.  Diffusion  failures,  in  contrast, 
are  always  time- dependent  since,  by  definition,  they  occur  as  a  result 
of  gradual  changes  in  the  protective  barrier  as  diffusion  progresses. 

Four  coatings  for  Mo- 0.5%  Ti  alloy  were  selected  for  evaluation. 
These  included: 

(1)  W-2  (Chromalloy  Cprp.) 

(2)  Al- Si  (National  Research  Corp.) 

(3)  Al-Cr- Si  (Climax  Molybdenum  Corp.) 

(4)  GE  System  300  coating  (General  Electric  Co.). 

Three  types  of  tests  were  conducted: 

(1)  Tensile  tests,  at  both  room  and  elevated  temperature,  to 
evaluate  the  strength  and  ductility  of  the  coated  material. 

(2)  Strain  tests  to  determine  the  deformation  which  the  coat¬ 
ings  could  tolerate  before  cracking. 

(3)  Oxidation  tests  to  evaluate  the  effects  of  temperature,  pres¬ 
sure  and  strain  on  coating  life.  (Coating  failure  was  signified 
by  the  appearance  of  the  volatile  MoOg  oxide.  ) 
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The  results  of  these  studies  are  documented  in  a  report  '  prepared 
for  the  U.  S.  Navy  Bureau  of  Weapons. 

The  effect  of  temperature  on  tensile  strength  and  ductility  of 
coated  Mo-0. 5%  Ti  alloy  is  shown  in  Figs.  II- 1  and  II-2.  This  coating 
drastically  reduced  the  room  temperature  ductility  of  all  samples. 

However,  coated  specimens  did  exhibit  ductility  in  the  temperature  range 
of  500“  to  3000°  F  but  these  tests  provide  no  measure  of  coating  ductility 
as  such.  Strain  to  coating  failure  tests  revealed  the  strains  which  could 
be  tolerated  before  cracldng  occurred.  These  strains  first  increased 
gradually  with  temperature,  then  increased  abruptly  as  shown  in  the  data  for 
W-2  coating  (Fig.  II- 3).  Data  obtained  from  the  Al-Si  and  the  Al-Cr-Si 
coatings  suggested  that  they  exhibit  ductility  at  somewhat  lower  tempera¬ 
tures  than  the  W-2  coating.  However,  differences  observed  in  two  lots 
of  the  same  coating  (Fig.  II-3)  were  as  large,  in  some  cases,  as  differ¬ 
ences  among  the  various  coatings. 

Oxidation  tests  were  conducted  m  the  test  fixture  shown  in  Fig.  11-4. 
Tests  were  set  up  and  analyzed  on  a  statistical  basis.  For  the  W-2  coat¬ 
ing,  tested  at  temperatures  below  3100°  F,  failures  did  not,  in  general, 
occur  within  90 -min  maximum  exposure  time  employed.  Tests  at  higher  " 
teniperatures,  however,  revealed  that  temperature  is  a  highly  signifi¬ 
cant  factor  in  the  time  necessary  for  the  coating  to  fail.  The  ambient 
pressure  did  not  have  any  measurable  effect  on  coating  life.  Strain 
levels  below  those  which  crack  the  coating  had  no  measurable  effect  on 
coating  performance.  Overall  data  for  the  W -2  coating  suggested  that 
strain  at  the  2500°  to  2650°  F  temperature  level  should  be  limited  to 
somewhat  less  than  0. 5%  while  at  2800*  F  and  above  strains  can  be 
tolerated  to  at  least  the  1%  level. 


Tests  on  the  Al-Si  coating,  conducted  in  the  temperature  range  from 
2500°  to  3100°  F,  revealed  that  temperature  is  again  the  overriding 
factor  influencing  coating  life  (Fig.  II- 5).  Pressure  and  strain  did  not 
grossly  affect  coating  performance  within  the  range  studied^  Tests  con¬ 
ducted  on  the  Al-Cr-Si  coating,  in  the  range  of  2000°  to  3100°  F,  gave 
extremely  erratic  results  due  to  variations  in  the  coated  specimens. 

Coating  failure,  as  revealed  by  the  formation  of  the  volatile  molybdenum 
trioxide,  was  observed  during  heating  to  the  test  temperatures  in  numer¬ 
ous  specimens.  The  GE  300  coating  is  a  duplex  coating  consisting  of  a 
5“mil  chromium  plate  and  an  additional  flame- sprayed  layer  of  aluminum 
oxide.  Tests  Indicated  that  this  coating  has  a  limited  but  consistent  coat¬ 
ing  life  to  temperatures  up  to  3000°  F,  but  the  coating  life  decreases  rapid¬ 
ly  thereafter.  Pressure  and  strain  to  1%  above  2800*  F  did  not  grossly 

(2)  "Evaluations  for  coatings  for  molybdenum,  "  C.  Wilkes  and  H.  Magalottl, 
The  Martin  Company,  ER  il462-6.  Final  Report,  Contract  NOw 
60-0321c,  June  1961. 


affect  coating  performance. 


In  summary,  it  was  concluded  that  the  W-2  coating  exhibits  the  best 
temperature  capabilities  with  extended  life  to  about  3000°  F.  The  GE  30C 
coating  has  limited  life  at  3000°  F  and  the  temperature  capabilities  of  the 
Al-Si  and  Al-Cr- Si  coatings  are  still  further  restricted.  The  W-2  coat¬ 
ing  has  less  strain  tolerance  before  cracking  at  2500°  to  2650°  F  than  the 
other  coatings,  but  exhibits  adequate  ductility  at  higher  temperatures. 

All  coatings  are  quite  brittle  at  room  temperature  but  exhibit  ductility 
above  1600°  F, 


Effect  of  Temperature  on  Tensile  Strength,  of  CJoated  Mo-6.5%  Ti  Alloy 


COATED  MO- 


SPRING 


Fig.  II- 4.  Plan  View  of  Oxidation  Test  Fixture 


AL-SI  COATED  M0-0.5%TI 


m.  HIGH  TEMPERATURE  COMPOSITE  STRUCTURE 


The  work  accomplished  on  this  program,  from  October  1960  through 

March  1961,  has  been  reported/^ The  heat  shield  design^^^  consists 
of  an  exterior  layer  which  sustains  the  high  surface  temperature  and 
carries  the  local  loads.  Since  this  layer  also  induces  a  temperature 
gradient  through  its  thickness,  the  temperature  of  the  attachment  to' the 


inner  surface  is  considerably  lower  than  the  surface  temperature. 

This  design  utilizes  a  highly  porous  ceramic  (such  as  a  ceramic  foam) 
for  the  outer  layer  material.  The  structure  is  represented  by  a  water- 
cooled  aluminum  panel.  The  ceramic  foam  is  either  bonded  directly 
to  the  aluminum  with  a  silicone  rubber  adhesive,  or  it  is  ceramic  bonded 
to  inconel  clips  which,  in  turn,  are  adhesive  bonded  to  the  aluminum 
sturcture. 

Tests  to  evaluate  the  chemical  and  dimensional  stability  of  foamed 
ceramics  were  conducted  in  an  arc- image  furnace  and  a  gas-fired  fur¬ 
nace.  The  basic  silicon  carbide  foam  is  limited  to  a  maximum  tempera¬ 
ture  of  3100“  F  by  oxidation  but  when  treated  with  zirconia  it  can  with¬ 
stand  3300“  F  without  serious  oxidation  occurring.  An  aluminum  oxide 
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foam  of  31-lb/ft  density  is  limited  by  shrinkage  and  by  loss  of  strength 

3 

to  3300°  F  maximum  temperature.  A  zirconia  foam  of  45-lb/ft  density 
can  be  utilized  to  a  temperature  of  4000°  F  (zirconia  foam  experiences 
slight  shrinkage  at  400(y  F). 

The  thermal  conductivity  of  foamed  alumina  and  of  foamed  zirconia 
was  measured  in  a  guarded  hot  plate  apparatus  and  test  points  are  com¬ 
pared  with  theoretically  predicted  thermal  conductivities  in  Fig.  Ill- 1. 

The  effect  of  thermal  strain  on  ceramic  foam  panels  has  been  in¬ 
vestigated  both  analytically  and  experimentally.  The  specimens  were 
simply  supported  modules  of  the  ceramic  foam  3 /.4-in.  thick.  The  test 
environment  consisted  of  a  .linear  temperature  rise  to  the  maximum 


(3)  "Second  Quarterly  Progress  Report,  High  Temperature  Composite 

Structure,"  Contract  AF33(616)-7497,  The  Martin  Company, 

ER  11585,  January  1961. 

(4)  "Third  Quarterly  Progress  Report,  High  Temperature  Composite 

Structure,"  Contract  AF33(616)-7497,  The  Martin  Company, 

ER  11722,  April  1961. 

(5)  "First  Quarterly  Progress  Report,  High  Temperature  Composite 
Structure,"  Contract  AF33{6i6)-7497,  The  Martin  Company, 

ER  11506,  OctoDerl960. 
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temperature,  5-min  exposure  at  the  maximum  temperature,  followed 
by  a  linear  temperature  drop.  Some  pertinent  data  are  summarized 
in  Table  III-l.  These  data  reveal  that  a  4-in.  x  4-in,  foamed  alumina 
module  can  withstand  a  temperature  rise  rate  of  30°  F/sec  without 
cracking.  A.  2-in,  x  2-in.  foamed  zirconia  module  withstood  a  heating 
rate  of  10°  F/sec  without  cracking.  However,  cracking  occurred  at 
higher  heating  rates  and  also  at  10°  F/sec  when  module  sizes  larger 
than  2  in.  x  2  in.  were  tested. 

Additional  tests  were  run  in  a  hot  gas  test  facility  generating  a 
steam  temperature  of  approximately  4400°  F,  a  dynamic  pressure  of 

/p  \ 

370  psf,  and  a  sound  level  of  150  db. '  '  Alumina  samples  (2  in,  x  2  in, ) 
exhibited  no  damage  when  exposed  to  a  temperature  rise  rate  of  8°  F/sec 
to  maximum  of  3250°  F.  Four  larger  alumina  panels  (4-in,,  diameter) 
were  tested  in  the  hot  gas  environment  at  the  above  temperature  condi¬ 
tions.  Two  samples  withstood  the  test  cycle  without  failure  while  the 
remaining  two  samples  spalled  or  fractured  during  the  cooldown  portion 
of  the  test  cycle.  Both  sain^ies  which  failed  were  cut  from  the  same 
alumina  brick  while  the  other  two  samples  were  cut  from  a  different 
brick.  A  zirconia  sample  of  similar  diameter  failed  during  the  heatup 
portion  of  the  test  cycle. 

On  the  basis  of  preliminary  tests  described,  as  well  as  quality  and 
availability  of  ceramic  foams,  porous  alumina  was  selected  as  the 
prime  material  for  construction  of  the  heat  shield  component.  The 
possible  use  of  zirconia  foam  will  be  further  explored  under  a  limited 
development  progra  "i. 


(6)  "  Fourth  Qua^  lerly  Progress  Report.  High  Temperature  Composite 
Structure,  "  Contract  AF33(616)-7497.  The  Martin  Company. 
ERU821,  July  1961. 
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ly.  RESIN  “IMPREGNATED  POROUS.  CERAMICS 


Resin-impregnated  porous  ceramics  are  a  new  materials  concept 
developed  in  our  laboratory  for  application  to  re-entry  body  heat 
shields,  and  especially  for  thermal  protection  of  glide  and  ltfting 
body  re-entry  vehicles.  The  resin-impregnated  porous  ceramic  is 
a  composite  material  consisting  of  a  porous  ceramic  matrix  which  is 
impregnated  with  an  organic  resin.  It,  therefore,  combines  the  low 
thermal  conductivity,  high  specific  heat,  and  the  mass  transfer  cool¬ 
ing  effects  of  plastics  with  the  heat  resistance  and  thermal  stability 

(7) 

of  ceramics. 

Tests  were  conducted  in  an  oxyacetylene  torch  facility  to  measure 
back  wall  temperatime  rise  and  heat  flow  through  resin-impregnated 
porous  ceramics  when  exposed  to  a  rectangular  heating  pulse.  Foam¬ 
ed  alumina,  ‘foamed  zirconia  and  foained  silicon  carbide  were  utilized 
as  the  ceramic  matrices  in  these  test  specimens.  To  measure  back 
wall  temperature  rise,  1  -1  /2H[n.  thick  specimens  (whose  back  faces 
were  thermally  insulated  to  prevent  extraneous  heating  or  cooling) 
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were  tested  at  cold  wall  heating  rates  of  25,  50  and  75  Btu/ft  -  sec. 
Results  of  these  tests  (sunimarized  in  Table  IV -i)  reveal  that  heat 
transfer  through  resin-impregnated  porous  ceramics  is  fairly  insensi¬ 
tive  to  heating  rate.  The  fact  that  the  back  wall  temperatures  rose 

2  2 

faster  at  a  heat  transfer  rate  of  50  Btu/ft  -sec  than  at  75  Btu^ft  -sec, 

2 

can  be  attributed  to  inefficient  pyrolysis  of  the  resin  at  50  Btu/ft  -  sec. 
Thermocouples,  located  within  the  samples,  established  the  temperature 
distributions  through  the  thicknesses  of  resin-impregnated  porous 
ceramics.  Consequently,  the  temperature  rise  at  any  point  below  the 
heated  surface  can  be  c^culated.  This,  in  turn,  permits  a  comparison 
of  the  three  materials  on  an  equal  weight  basis  by  considering  the 
elapsed  time  for  a  300°  F  tempei’ature  rise  at  a  given  weight  thickness 
beneath  the  surface.  Table  IV-2  shows  a  clear  superiority  of  alumina 
and  zirconia  over  silicon  carbide  on  an  equal  weight  basis. 

To  measure  heat  flow  through  resin -impregnated  porous  alumina 
and  zirconia,  specimens  were  instrumented  (with  a  heat  sink-type 


(7)  "  The  Application  of  Resin-Impregnated  Porous  Ceranilcs  to  Re¬ 
entry  Vehicle  Heat  Shields,  ”  E.  L.  Strauss  paper  prepared  for 
the  July  25  Conference  on  Aerodynamically  Heated  Structures, 
sponsored  by  the  Office  of  Scientific  Research  and  Arthur  D.  Little. 
Inc. ,  June  1961. 


calorimeter  attached  to  their  back  walls)  and  tested  at  a  cold  wall 
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heating  rate  of  75  Btu/ft  -sec  In  the  oxyacetylene  torch  facility. 
Specimens  of  1/ 2-in. ,  1-in.  and  1-1/ 2- in.  thickness  were  tested. 

Figure  IV-1  shows  that  heat  flow  through  the  back  face  of  these  samples 
commences  after  an  Initial  time  delay  and  reaches  a  quasi-steady  value. 
The  heat  transfer  characteristics  of  resin-impregnated  porous  ceramics 
are,  therefore,  uniquely  different  from  those  of  charring  ablators 
(Y.fhlch  do  not  tend  to  approach  this  quasi-steady  value).  The  charring 
ablators  are  characterized  by  a  long  time  delay  and  heat  flow  increases 
rapidly  as  the  char  line  approaches  the  back  face  (Fig,  IV-2).  The  quasi¬ 
steady  heat  flow  rate  is  plotted  versus  heat  shield  weight  in  Fig.  IV-3. 
This  curve  shows  that  for  the  particular  conditions  of  these  tests,  the 
quasi-steady  flow  through  reSta-tmpregnated  zirconia  is  50  to  60  %  of 
the  heat  flow  through  an  equal  weight  thickness  of  res  in -impregnated 
porous  alumina.  The  cvirves  also  show  that  the  insulation  efficiency 
of  resiii'-impregnated  ceramics  increases  with  increasing  heat  shield 
weight  (i.  e. ,  a  threefold  increase  in  the  weight  of  a  resin-impregnated 
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zirconia  heat  shield  from  4  to  12  lb /ft  reduces  the  quasi-steady  heat 
flow  rate  by  a  factor  of  4.  25). 

The  oxyacetylene  tests  have  clearly  demonstrated  the  thermal 
superiority  of  foamed  zirconia  over  foamed  alumfea  and  foamed 
silicon  carbide  as  the  ceramic  matrix  in  resin-impregnated  porous 
ceramics.  The  quasi-steady  heat  flow  characteristics  of  resin-lmpreg- 
nated  porous  ceramics  make  these  materials  veiy  suitable  for  heat 
shield  applications  where  a  "no  shape  change"  outer  insulation  layer  is 
combined  with  a  cooled  structure. 

Figures  rV'-4  and  IV-5  show  some  construction  details  for  a  resin- 
impregnated  porous  ceramic  nose  cap,  which  was  fabricated  primarily 
to  check  out  manufacturing  techniques  and  procedures  for  this  type  of 
construction.  The  completed  15 -1/2 -in.  diameter  spherical  cap  is 
shown  in  Fig.  IV-6.  The  ceramic  was  l-l72-in.  thick  silicon  carbide 
foam,  which  was  impregnated  with  a  phenolic  base  resin.  The  nose 
cap  was  assembled  from  21  individual  ceramic  modules  which  are 
shown  in  Fig.  IV-4.  The  ceramic  was  machined  prior  to  resin 
impregnation,  the  outer  surface  was  contoured  to  a  11-3/16 -in.  spherical 
radius,  and  the  inner  surface  was  contoured  to  a  9-11/16-in.  spherical 
radius.  The  ceramic  modules  were  then  assembled  on  a  steel  shell 
(Fig.  IV-5)  and  bonded  in  place  with  epo:^  adhesive.  The  0.040-in. 
wide  wedge-shaped  gap  between  adjacent  modules  was  filled  with  a  heat 
resistant  filler  material. 


(Btu/ft  -sec) 


Fig.  IV-2.  Comparative  Heat  Transfer  Characteristics  of  Resin-Impregnated 
Porous  Ceramics  and  Charring  Ablators 


Ceramic  Modules  Assembled'  bn  Backup  Structure 
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Ik*  1— Iwi  Cwpuqr  kM  crmluat*!  s«t«r«l  sjritiw  t«  pr«t«et  mItMcboi 

and  ealvBdilua  trm  tka  asTlmiaant  that  la  aatiaipaiad  in  laaving  and  antarinc 
tha  aarth'a  atMaphara  at  ralatlraly  high  ralaaitlaa.  Thla  vark  haa  iadiaatad 
that  aatal  alllaida  eaararalan  eoatiaga>  praparly  appliad^  ara  adafaata  to  prataat 
tha  haaa  aatal  If  anrfaaa  t«qparat\iraa  da  aat  axaaad  3000*f  hj  any  appraeiahla 
aammt*  Baaing  haa  axpandad  a  graat  daal  af  affart  in  tha  daralapaaBt  and  taating 
af  ailieida  eanvaraian  eaatinga  that  ara  oaHpatihla  vith  daaign  rafuiraMuta.  It 
haa  haan  naeaaaary  to  inraatigata  tha  affaeta  af  praeaaaing  tiaa  and  tanparatura, 
raaetant  partiela  aiza  and  pu^ty,  anaU  additiona  of  aiqpplaaMatal  raastanta, 
earriar  gaa  eonaantration,  Inart  additivaa,  natal  aurfaea  eanditian  and  eontaaiBa'- 
tion  laval  in  ralation  to  eeating  thieknaaa,  oxidation  raaiatanea,  anittaneay 
Ctaehanical  propartiaa^  ate.  Iha  infornatim  that  haa  haan  ganeratad  during  thaaa 
inyaatl^ationa  ia  vol\nd.nouB  and  viU  not  ha  nantiohad  harain  aa  tha  data  ara 
haing  raportad  undar  Contraet  AF  33(^00  )-hl517* 

It  ia  nora  appropriata  for  thia  naating  to  dlceuaa  tha  applieation  of  a  uniqua 
prooaaa  tadiniqua  to  tha  prohlan  of  ^nplplng  or  obtaining  ailieida  eanraraim 
coating  on  alloya  af  aolunhiun  ciid  aclyhdanun.  In  our  daralppaantal  nark  tha 
eoarontional  paek  eoaantation  ratort  proeaaa  and  tha  ralatiraly  nav  fluidixad  had 
raaetor  taehniqua  hara  haan  inraatigatod.  It  has  haan  eaneludad  that  tha  navar 
prooaaa  nathod  utilising  tha  fluidisad  had  ia  auparior  to  tha  aldar  paek  aananta* 
tion  prooaaa  for  appliaationa  uhara  largo  fuantitiaa  of  aoqplax  porta  nnat  ha 
aoatad  <»  e  adiadulod  haaia. 


Bit  ntdilitd  B»d  R«attt<>r  fT  <^tlag  R«fr>otwy 

ProlMblT’  the  Mat  ■IgnlflMuoit  oharMtcriatle  af  tha  flul4iaa4l  M  raaatar  ia  Ita 
al>ility  ta  fuiekly  and  unifomly  haat  parfca.  '  Many  af  tba  f raWaaa  aaaaaiatad 
vl-Ui  tha  uaa  af  large  aeala  pack  aaKantatlon  ratarta  to  eoat  rafraatory  aatala 
vara  aasoeiatad  vlth  poor  haat  tranafar.  It  vaa,  tharal’ora,  natural  to  poatulata 
that  the  adaptation  af  the  fluldlaed  hed  for  the  applieatloa  af  tha  alllolda 
caatlo^a  to  tha  refractory  aatala  vould  he  very  desirable.  Thia  aaauaption  has 
since  proven- to  ha  entirely  eorraet. 

Tha  fluidised  hed  as  used  for  coating  ia  illustrated-  in  Figure  1.  The  prineipal 
flov  lines  and  tha  prinary  reactions  are  indicated.  Tha  had  eonaists  of  a  thin- 
vailed  natallic  cylinder  filled  vi-th  reactant  (usually  pawdarad  siUeon  natal) . 
Heat  is  applied  to  tha  outside  of  tha  cylinder  and  the  reactant  is  agitated  hy 
tha  upvard  flov  of  gas  through  a  porous  hrick  or  natal  plate  at  tha  hotten  of 
the  cylinder.  Tha  iodine  gas  used  as  an  intemadiata  raactaxit  ia  produced 
outside  the  fluidized  had  in  a  generator.  The  iodine  is  mixed  vith  argon  in  the 
generator  and  -the  mixture  is  injected  into  -the  hed  vith  -the  naln  flov  of  argon. 
Figure  2  is  a  idiotograph  of  tha  Boeing  l8”  dianetar  fluidized  had. 

Tha  superiority  of  the  fluidized  had  process  is  the  result  of  tha  fluidising 
action  and  -the  rapid  haat  transfer  ahtained.  Tha  fluidizing  action  permits  the 
insertion  of  ooqtlax  fahricatad  parts  into  tha  reactor  vhila  at  tha  desired 
coating  tanparatura.  The  excellent  haat  transfer  eharaetaristios  insure  that 
tha  parts  are  heated  rapidly  and  uniformly  vhan  they  are  inserted  into  tha  had. 


n*  tw»  mla  yrtMM  airantac**  raalisat  tern  tha  ^tdAlaad  Ml  raaatar  eaa  W 
taaMriaat  aa  faUawa: 

1.  Praeaaaing  tiaa  ean  Im  raduead  ta  tka  actual  tlaa  rafolrad  for  tha 
coatlnc  to  1>a  dapoaltad.  lha  fluldiaad  had  la  roa  eautlauaualx  at  tha 
daairad  proeaaa  taoqparatura  and  tha  parta  ara  loaarad  Into  tha  hot 
raaetor.  In  tha  paek  easMutatlon  ratorta,  tha  najor  portion  of  tha 
praeaaaing  tlna  ia  in  tha  haat>up  and  eoalrdavn  eyelaa.  It  ia  difficult 
to  alininata  or  ahortan  thaaa  ejelaa  aa  an  aeoaptahla  vaj  haa  nat  haaa 
faund  to  placa  rafraetorr  natal  .porta  into  a  pack  ratort  ahila  tha 
ratort  la  at  tha  eoatlng  tanparatura.  Total  praaaaalng  tlna  uaing 
aaeh  proeaaa  la,  of  eouraa,  a  function  of  nany  '^Infa  ineluding  allay, 
eaatlng  thlekneaa  daairad,  and  proeaaa  tanparatxura .  flpaolfle  eonpariaana 
hava  ahavn  that  tha  fluidized  had  ean  cut  tha  total  eoatlng  proeaaa  tlna 
hy  a  faetar  of  thraa  to  aa  nnidL  aa  tvalva.  Thla  eonaldaratlon  la  par> 
tleularlj  aignlfleant  in  aaaaaalng  plant  eapahillty  to  ooat  largo  nuatbara 
of  eeafonanta  on  tl|^t  adiadulaa. 

2.  Frahlaaa  aaaaeiatad  vlth  uneantroUad  raaetlona  during  tha  haatlng  eyela 
can  ha  araldad.  Xn  tha  paek  eanantatlon  proeaaa  a  earriar  hallda  la 
uaually  praaant  during  tha  haatlng  eyela.  Althou^  raaetlon  rataa  ara 
generally  rary  alan  halaa  tha  taaqparature  range  uaad  far  eaatlng,  eartaln 
anoanloua  raaetiana  hare  haan  ohaarrad  at  Icraar  taaparaturaa .  Tha  long 
tljaa  rofulrad  to  heat  tha  ratort  to  the  coating  tanparatura  allova  thaaa 
raaetiana  and  tha  nomal  eaating  raaetlMa  to  oeeur  in  a  Tariahla  nanirar 
vlthln  tha  ratort.  9ia  aararity  of  thla  prohlaa  ineraaaaa  aa  tha  aiza 


•ad  e<a9laxlt7  of  the  eoafMoiit  part  inaraaaaa*  Caararsaly,  in  tlia 
n.tdllxad  'bad  tha  parts  ara  'broogbit  to  ta^paratura  eztnialr  rapidly 
and  tmlfaraly;  eoaaaquantly,  uataairad  reaetloas  ara  adaiaisad. 

la  addltiau  to  thaaa  tesie  adraatafos  athar  prooasalag.  galas  ara  adhlarad. 
Studios  of  tha  paek  eaMBtatlmi  proeaaa  raraalad  that  tha  daulty  af  paekiag 
aad  tha  uaifaxaity  of  tiia  psi^  aiztura  had  ta  ha  elosaly  eaatrallad.  Laeallzad 
poekats  of  slightly  dlfXaraat  eaapoaltiaa  had  to  ha  aroldad.  lha  aataral  acita- 
tlaa  aad  aixiog  af  tha  fluidisad  had  autaMtiaally  allaiaatad  thaaa  aaag^x 
rariahlas.  It  la  aanMl  pxaatiea  to  raplaea  tha  slUeoa  la  tha  paok  praaaas 
aftar  aadi  rotart  roa,  aad  as  a  aoasofaaaoa  only  ana  hatdi  af  parts  is  eaatad 
par  duurga  of  alliami.  Aa  fluidized  had  aparataa  eontlaaaasly  alth  only  niaar 
additions  of  siliean  aad  naay  hatdias  af  parts  eaa  ha  eaatad  hafara  tha  slUean 
■ust  ha  raplaead. 

Historically^  tha  aaia  diffleulty  asrooiatad  aith  tha  xuia  af  eaatad  ealunbiiai 
alloys  aas  a  result  af  tha  haaa  nstal  saihrlttlaaoat  causad  hy  the  pack  eananta- 
t5.an  coating  process.  Calxahiua  alloys  hare  an  affinity  for  akygan,  nitregan, 
and  hyirogan  and  ahan  these  gases  ara  prasamt  during  the  coating  praaass  tha 
Intarstitlal  iapurlty  lerel  of  the  alloy  to  ha  eoatad  alll  Ineraaaa.  Any  alloy 
of  eolunbiua  vlll  'behara  in  a  hrlttla  aaaner  if  sufficient  quantities  af  thasa 
eantaninatlag  danents  ara  ahsorhed.  It  is  tharafora  necessary  ta  pracluda 
Imtarstltial  pickup  during  auy  eoluaiblun  alloy  coating  praeass  if  tha  natal  is 
to  rsnaln  ductila.  It  vas  dateminad  that  tha  use  af  a  vaeuun  ta  pull  tha 
Inpunty  gases  out  of  a  paek  retort  during  the  heating  cycle  uould  alininata 
tha  ahbrlttlsnant  prohlan  on  tha  lov  strangth-4uetila  caluhblun  alleys.  Haaerar 
a  hii^  tsaqparature  Taeuua  purge  of  a  rotart  full  of  poadar  is  not  a  dasirahla 


•iidlti«a  t«  a  pr«ea«i  ayel*  that  It  of  Ittalf  Itngthjr.  It  vat  oVTioot  that  to 
bo  utoful  tho  fluidltod  bod  proeott  vould  haro  to  bo  ablo  to  coat  eoluablua 
aLloyt  vlthout  itparlag  tho  bato  aotal  duetUlty.  fortunatoly,  it  hat  boon 
found  that  tho  fluidltod  bod  proeott  eaa  bo  utod  to  coat  tho  lov  ttroncth-duetllo 
coluMblua  allojrt  and  not  torloutly  lapalr  thoir  ductility.  All  eoatod  tpoeinont 
tottod  to  da^  hare  boon  duetllo  in  l^paet  bond  toeto  at  rooa  toaporaturo. 

It  it  truo  that  there  are  certain  dioadTaatodot  ataoelatod  vlth  tho  uto  of  tho 
fliiidltod  bod.  Howoror,  tho  ororaU  analytit  of  tho  altuatlon,.  eoatidoring 
product  fualitj^  proeottlnd  oeontaiet>  plant  capabllltioa,  tehodulot,  etc., 
hat  clearly  ahoim  that  fluidltod  bod  proeottins  it  tuporior  to  pack  ceaentatlwi 
procoialng  for  airfraao  typo  a^llcationt. 
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1.  PrlaeiflM  of  tho  Fluid  Bod;  J.  B*  ftouffor  and  C.  0.  Fodorsoc^ 
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FLUIDIZED  BED  PROCESS 


DESIGN,  FABRICATION  AND  TESTING  OF  A 
MOLYBDENUM  ALLOY  OUTER  WALL  HEAT  SHIELD 


F.  A.  MERRIHEW 
FRANK  M.  ANTHONY 


Bell  Aero  systems  Company 
Buffalo,  New  York 


DESIGN,  FABRICATION  AND  TESTING  OP  A 
MOLYBDENUM  ALLOY  OUTER  WALL  HEAT  SHIELD* 


INTRODUCTION 

Since  the  last  Working  Group  Meeting,  Bell  Aerosystems  Com¬ 
pany's  activities  in  the  area  of  refractory  composites  have  included 
engineering,  fabrication  and  experimental  studies  of  coated  refrac¬ 
tory  metals  for  airframe  and  rocket  applications.  One  portion 
of  this  work  which  has  proceeded  to  the  completion  of  its  first 
phase  is  the  subject  of  this  paper,  namely  the  development  of  a 
molybdenum  alloy  heat  shield  designed  for  a  meiximum  operating 
temperature  of  2700P. 

DESIGN  REQUIREMENTS  AND  APPROACH 

The  molybdenum  outer  wall  heat  shield  development  was  ini-; 
tlated  about  a  year  ago  as  a  step  toward  extending  the  temperature 
dapablilty  of  the  Bell  Double  Wall  radia<Jron.  thermal  protection 
system.  This  system,  consisting  of  heat  rei.  j;.  ■  ant  outer  wall 
shields,  thermal  Insulation  and  a  low  temp.>ra:;vre  aluminum  load 
carrying  structure,  is  shown  schematically  in  I3  and  its 

practicality  has  been  oemonStrated  experimen bally  at  temperatures 
of  2000P.  Increasing  demands  for  greater  vehicle  performance  can 
only  be  met  by  increasing  the  operating  temperature  capability  of 
the  system,  particularly  that  of  the  cuter  wall. 


’♦This  work  was  supported  by  the  United  States  Air  Force  Under 
Contract  AP  33(600) -40100,  monitored  by  the  Manufacturing  and 
Materials  Technology  Division,  AMC  ‘Aeronautical  Systems  Center, 
Wrlght-Patterson  Air  Force  Base,  Ohio. 
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The  function  of  the  outer  wall  is  to  provide  a  smooth  external 
surface  and  to  protect  and  retain  the  insulation.  -A  typical  appli¬ 
cation  might  be  that  of  protecting  the  lower  surface  of  a  manned 
hypersonic  glider.  Temperatures  may  follow  those  shown  in  Figure  2 
with  a  rapid  i'lse  to  about  I55OP  in  2  minutes  of  boost,  a  gradual 
Increase  to  about  260OP  after  21  minutes  total  followed  by  a  gradual 
decrease  to  lOOOF  after  36  minutes  total.  The  temperature  varia¬ 
tion  shown  in  Figure  2  actually  represents  that  used  for  the  test 
program  as  directed  by  our  customer.  The  design  work  was  based  on 
a  somewhat  longer  time  period  and  a  maximum  temperature  of  2700P. 

Transient  conditions  may  impose  pressure  loadings,  but  since 
the  outer  wall  is  not  sealed  pressure  differentials  are  rapidly 
equalized,  thus  reducing  potential  creep  problems.  During  low  to 
moderate  temperature  portions  of  flight,  such’ as  boost  and  landing 
phases  where  course,  correction  maneuvers  will  be  required,  pressure 
differentials  of  up  to  5  psl  may  exist  but  during  the  high  temper¬ 
ature  portion  of  flight  pressures  will  be  about  an  order  of  magni¬ 
tude  lower,  significant  acoustic  loadings  also  exist  particularly 
during  boost  phase. 

Requirements  for  the  outer  wall  therefore  include: 

1.  Inertness  to  the  atmospheric  environment  while  at- 
temperatures  of  up  to  2700P 

2.  Resistance  to  acoustic  loadings 

3.  Adequate  strength  to  resist  surface  pressures  with 
minimum  deformation. 

4.  Resistance  to  thermal  stresses 

5.  Light  weight 

6.  Low  cost 

7.  Reusability 
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In  meeting  the  requirements  it  is  necessary  to  recognize  the 
shortcominpts  in  the  present  state  of  the  art.  These  shortcomings 
were  primarily  in  the  areas  of  fabrication  and  coating  technologies. 
Forming  methods  for  molybdenum  alloys  v/ere  fairly  well  established, 
however,  difficulties  were  expected  because  of  the  variability  of 
sheet  material.  Assembly  techniques  were  much  more  restrictive. 
Reliable  brazing  and  fusion  welding  techniques  were  not  available. 

Spot  welding  appeared  to  offer  promise  but  even  here  the  techniques 
employed  could  not  insure  reliably  reproducible  results.  Riveting 
appeared  to  offer  the  most  attractive  approach  for  assembly. 

Experience  had  shown  that  edges  of  sheet  material  presented  diffi¬ 
culties  with  regard  to  oxidation  protection  by  coating  systems. 

Also,  questions  existed  as  to  the  sequence  of  coating  and  assembly 
steps-. 

The  design  approach  employed  for  this  molybdenum  outer  wall 
panel  was  based  on  the  utilization  of  available  materials  and 
the  most  promising  fabrication  procedures.  Since  holes  and  edges 
were  potential  weak  spots  v;lth  regard  to  coating  protection,  these 
were  to  be  minimized  and,  Jf  it  all  possible,  eliminated  from 
direct  contact  with  the  boundary  layer  airflow. 

DESIGN  CONSIDERATIONS 

In  accordance  with  the  requirements  a  the  approach  established, 
the  construction  material  selected  was  the  0.5/^  titanium  alloy  of 
molybdenum.  The  protective  coating  chosen  vxas  Chormalloy  W-2. 

Tests  of  numerous  coatings  at  Bell  over  the  past  several  years 
had  indicated  the  superiority  of  this  coating.  At  the  time  of 
coating  selection  evaluations  had  not  been  conducted  on  the  Pfaudler, 
Chance  Vought,  or  Boeing  coatings  . 
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Inltially,  corrugated  sandwich  panels  of  various  types  were 
considered  assuming  assembly  by  spot  Yielding  or  riveting, 
^perimental  evaluations  of  spot  welding  Indicated  a  need  for 
more  extensive  development  of  this  proces?-  t  '^nce.  It  was  not 
considered  to  be  completely  available  r'sU'red.  Riveting^ 

therefore,  was  selected  as  the  means  of  .fci.v  v -Jbjiy,  This  choice 
tended  to  make  corrugated  sandwich  panels  unattractive. 

With  such  designs  a  large  number  of  rivet  'a  required  and 
approximately  half  of  the  rivets  were  exposed  to  the  boundary 
layer  airflow.  The  panel  size  being  y-jnsldered  was  approrf-mately 
12"  X  12"'  X  1/4".  Structural  analysis  indicated  that  5  mil  material 
would  be  adequate  to  withstand  the  expected,  loadings.  With  a 
reasonable . corrugation  pitch,  it  is  obvious  that  a  large  member 
of  rivets  would  be  required  for  assembly  of  the  face  sheets  to 
the  corrugation..  For  designs  of  this  type  the  number  of  rivets 
Involved  ranged  from  about  150  to  200.  Not  only  would  these 
Introduce  a  large  number  of  potential  failure  points, -but  they 
result  in  an  expensive  design  to  produce. 

Experimental-  evaluations  of  5  niil  sheet  material  Indicated 
little  hope  of  adequately  protecting  such  thin  gages.  Relatively 
severe  embrittlement  resulted  from  the  application  of  the  protec¬ 
tive  coating..  Attempts  to  reduce  the  embrittlement  by  the  use 
of  thinner  coatings  resulted  in  a  loss  of  adequate  oxidation 
protection.  Edges  were  the  primary  problem,  but  numerous  failwes 
were  also  encountered  on  flat  surfaces.  Concurrent  evaluations 
of  10  mil  material  Indicated  much  better  results  although  perfect 
performance  was  not  achieved „  On  the  thicker  material  edge 
failures  were-  the  major  problem. 
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Slnce  It  was  felt  that  the  minimum  sheet  thickness  practical, 
from  a  coating  point  of  View,  for  the  outer  wall  panel  was  10  mils, 
additional  designs  were  considered  in  an  attempt  to. simplify  the 
construction  and  to  reduce  the  number  of  rivets  requlredi  As  a 
result  of  these  studies  a  design  assembled  from  the  details  shown 
in  Figure  3  was  selected.  This  design  consists  of  ten  10  mil 
channels  rivetti.'  internally  to  two  30  mil  beams.  Each  beam  Is 
supported  on  two  30  mil  support  legs.  Each  channel  is  rv;tached 
to  each  beam  by  four  incernax  r.ivsts.  Trie  panel  contains  a  uotal 
of  88  rivets,  none  of  which'  are  esqposed  to  the  boundary  layer 
airflow.  One  end.  of- each  channel  is  .joggled  so  that  it  nests 
within  the  preceding  outer  wall  panel.  Hence,  only  one  edge  is 
exposed  to  boundary  layer  airflow.  The  weight  of  the  coated  panel 
is  1.82  pounds.  The  completed  panel  is  shown. in -Figures  4  and  5 
and  measured  12”  x  12.12”  in  plar  Drm. 

FABRICATION  CONSIDERAT.TONS 

In  producing  the  detailed  parts  for  the  selected  panel  design' 
conventional  •'’ormlhg  techniques  were  en5>loyed  in  conjunction  with 
heated  tools.  Initially  edge  cracks  were  encountered  in  the  form¬ 
ing  of  the  detailed  parts.  This  problem  was  resolved  by  greater 
attention  to  the  edge  preparation  in  the  sheet  metal  blanks  -prior 
to  forming.  Extreme  care  was  required  to  provide  well  rounded 
edges  necessary  for  both  consistent  forming  results  cuid  for 
achieving-  good  coating  protection. 

For  the  preliminary  studies  of  riveting  techniques,  molybdenum 
alloy  rivets  were  procured  from  commercial  sources .  It  was  found 
that  a  relatively  large  number  of  these  rivets  contained  small 
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crackB  in  the  heads.  It  was  decided,  therefoie,  to  produce  the 
rivets  required  at  Bell.  Suitable  procedures  were  quickly  estab¬ 
lished.  and  rivets  of  the  flat  head  type  were  formed  at  1200P, 

In  establishing  the  coating  and  assembly  sequence,  considera¬ 
tion  was  given  to  the  following  factors! 

1.  The  W-2  coating  process  consists  of  two  cycles. 

2.  Coating  penetration  around  rivets  after  installation 
was  somewhat  questionable. 

3.  The  greater  the  coating  thickness,  the  greater  was 
the  embrittling  effect  on  the  substrate. 

As  a  result  of  these  considerations,  it  was  decided  to  apply 
approximately  one-half  of  the  desired  coating  thickness  to  the 
detailed  parts  and  rivets  prior  to  assembly.  This  would  result 
in  a  degree  of  protection  to  all  surfaces.  In  addition,  the 
eii^;'rlttling  effect  would  be  minimized.  Assembly  would  follow 
the  first  coating  and  the  assembled  part  would  be  recoated. 

Studies  with  coated  rivets  indicated  that  a  ten^erature  of 
approximately  1600P  was  required  to  properly  set  the  rivet  with¬ 
out  introducing  cracks. 

Using  the  techniques  briefly  described  above,  two  outer  weill 
panels  were  fabricated;  one  was  uncoated,  while  the  second  was 
coated  and  assembled  in  the  manner  described.  During  assembly 
of  the  coated  panel,  however,  one  10  mil  channel  was  cracked  and 
had  to  be  replaced.  Unfortunately,  there  were  no  spare  cheinnels 
to  which  the  first  coating  step  had  been  applied  and  an  ’uncoated 
channel  was  Installed. 


TEST  RESULTS 

The  uncoated  panel  was  subjected  to  an  acoustic  loading  of 
145  db  for  a  period  of  30  minutes.  No  fiallures  of  any  kind  were 
detected.  Through  the  frequency  range  of  20  to  9600  cycles  per 
second,  only  minor  anpllflcatipn  of  the  noise  input  was  found 
at  frequencies  'f  250  and  650  cps. 

The  coated  panel  was  subjected  to  an  oxidation  proof  test 
at  2000P  in  still  air  for  30  minutes.  Slight .smoking  was  noted 
When  the  assembly  was  removed  from  the  furnace.  Post  test 
examination  indicated  numerous  locally  oxidized  regions  along  the 
edges  of  the  10  mil  channels,  see  Figures  4  and  5.  Figure  6  pro¬ 
vides  a  close-up  view  of  a  typical  edge  failure.  A  few  local 
edge  failures  were  noted  on  the  30  mil  parts.  Only  one  small  pin 
hols  was  dstsotsd  on  the  flat  surfaces.  This  was  on  one  of  the 
10  mil  channels  but  did  not  penetrate  the  channel  thickness. 
Measurements  of  surface  recession  at  the  local  failure  points 
indicated  maximum,  values  of  .03  inch  with  average  recession  of 
about  .01  inch.  In  many  regions  the  recession  was  too  small  to 
be  measured  but  visual  Inspection  indicated  that  failures  had 
occurred . 

After  the  oxidation  proof  test  edge  failures  were  apparent 
along  about  ,2  inch  of  the  30  mil  material  out  of  a  total  linear 
distance  of  about  56  inches.  For  the  10  mil  material  only  about 
100  Inches  of  the  240  inch  total  edge  length  was  visible.  Of 
tihls  100  inches  local  failures  or  suspicious  indications  were 
apparent  along  about  20  Inches. 
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After  the  oxidation  proof  test  a  thermal  exposure  test 
program  was  conducted  using  the  temperature- time  history  shown 
in  Figure  2,  A  quartz  lamp  bank  provided  the  heat  flux.  The 
test  panel  was  bolted  to  a  water  cooled  inner  wall  at  its  four 
support  points  and  fibrous  insulation  was  used  to  minimize  heat 
flow  from  the  panel  to  the  cooled  wall. 

The  first  four  cycles  were  terminated  prematurely,  because 
of  lamp  failures,  after  times  of  9.2,  15.5#  17.2  and  19.5  minutes. 
Maximum  temperatures  reached  during  these  cycles  were  23ipp, 

2^50P,  253OP  and  2640P,  respectively.  After  these  four  attempts, 
higher  capacity  quartz  lamps  were  Installed  and  two  ccxnplete  36 
minute  cycles  were,  conducted.  During  the  next  cycle  the  control 
thermocouple  malfunctioned  causing  the  panel  to  reach  a  tenqperature 
of  296OP  after  15  ihlnutes. 

Uie  panel  Is  shown  after  testing  in  Figures  7  and  8.  Con¬ 
siderable  degradation  is  apparent,  Ihe  failures  were  of  two 
basic  types,  pinholes,  or  edge  failures, 

Ihe  30  mil  material  suffered  only  edge  failures  and  then 
only  about  lOj^  of  the  total  edge  length  was  damaged.  Note  that 
the  structural  integrity  of  the  30  mil  parts  does  not  appear  to 
be  reduced. 

Damage  of  the  10  mil  material  was  more  extensive.  Careful 
examination  of  Figures  7  and  8  will  indicate  the  extreme  degrada¬ 
tion  of  the  channel  that  had  only  one  coating  application,  the 
second  channel  from  the  top.  Consider  first  the  pinhole  failures. 
Of  the  nine  channels  which  received  two  coating  appllcatlonsj  three 
contained  no  pinhole  failures,  two  had  Just  on  failure  each. 


-9- 


two  had  h  failures  each,  one  had  5  failures,  and  one  had  8  failures 
At  the  end  of  the  testing  the  pinhole  noted  after  the  oxidation 
proof  test  had  grown  to  .48  inch  in  diameter.  The  next  two  largest 
pinholes  were  .38  and  .32  inch.  The  remainder  were  quite  small 
as  can  be  seen  in  Figures  7  and  8.  In  Figure  7  it  can  be  seen 
that  most  of  the  pinholes  seem  to  fall  within  a  fan-shapes  region 
originating  on  the  left  hand  side  of  the  panel  at  the  second 
channel  from  the  top.  During  one  of  the  first  tests  a  plug  in 
an  air  cooling  line  came  loose  and  the  panel  was  sprayed  with  an 
oil  residue  from  within  the  coolant  line.  Hiis  foreign  material 
may  have  accelerated  oxidation  failure. 

Failures  along  the  right  hand  and  left  hand  edges  of  the 
panels  Were  quite  general.  The  different  amounts  of  surface  reces¬ 
sion  on  the  various  channels  indicate  that  these  failures  began 
at  different  times.  The  maximum  linear  recession  from  eui  cdige 
was  .35  inch.  All  of  the  edges  around  the  1/4  inch  access  holes, 
two  in  each  of  the  third  channels  from  the  top  and  bottom,  failed 
during  the  test.  The  maximum  recession  from  these  edges  was 
.17  inch.  The  final  shape  of  these  holes  also  indicates  that 
failures  occurred  at  different  times. 

Of  the  88  rivets  installed,  evidence  of  oxidation  was  found 
in  the  vicinity  of  only  three.  In  one  Instance  the  shank  of  the 
rivet  was  almost  completely  burned  away. 
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CONCLUSIONS 

The  results  obtained  during  the  test  program  point  out  quite 
vividly  the  shortcomings  which  exist  and  restrict  the  use  of 
coated  molybdenum  alloy  for  structural  applications.  The  panel 
produced  and  tested  is  considered  satisfactory  for  one,  and 
perhaps  two  missions.  Reusability  beyond  that  point  is  extremely 
questionable.  In  general,  coating  performance  on  flat  surfaces 
is  only  slightly  below  tolerable  standards.  A  major  problem, 
however,  still  exists  at  edges  despite  the  extreme  care  taken 
with  edge  preparation.  In  this  regard  performance  of  30  mil 
material  is  vastly  superior  to  that  of  10  mil  material. 

The  assembly  sequence  of  applying  a  partial  coating  thickness 
to  all  detailed  parts  and  rivets,  hot  riveting,  and  re.coating 
appears  to  result  in  good  protection  at  the  Joints. 

Many  of  the  problems  Involved  in  the  successful  utilizatioj 
of  coated  molybdenum  for  structural  components  have  been  solved. 
Kie  major  problem  area  requiring  attention  appears  to  be  that- of 
providing  adequate  protection  to  edges  of  thin  material. 


:  INSULATING  MEDIA 


DETAILS  FOR  MOLYBDENUM  ALLOY  OUTER  WALL  PANEL 


AFTER  OXIDATION  PROOF  TESTATOR  VIEW 
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A  question  was  asked  by  Mr.  M.  Levinstein  of  General 
Electric  regarding  acoustic  loading  of  the  Chromalloy  W-2  coated 
molybdenum  panel.  Only  the  uncoated  panel  underwent  acoustic 
loading.  The  test  program  called  for  acoustic  loading  of  the 
coated  panel  after  thermal  cycling  at  the  time-temperature  his¬ 
tory  shown  in  Figure  2  of  the  paper.  This  portion  of  the  program, 
however,  was  cancelled  due  to  the  condition  of  the  panel  after 
the  thermal  cycling. 

During  the  limited  program  conducted  an  uncoated  panel 
was  fabricated  to  check  manufacturing  and  assembly  procedures. 
This  successfully  passed  acoustic  testing.  This  test  was  to 
determine  the  existence  of  major  problems.  Since  the  acoustic 
loading  proui„m  should  be  more  severe  vath  coated  material,  it 
was  unfortunate  that  such  tests  could  not  be  conducted  within 
the  scope  of  the  Double-Wall  Program.  Tooling,  test  equipment 
and  experience  are  available,  however,  and  could  be  employed 
for  the  continued  evaluation  of  this  typical  structural  component 
made  from  various  refractory  metal  alloys  and  protected  by 
various  coating.  In  fact,  our  currect  company  funded  R&D  will 
investigate  a  columbium  alloy  panel  of  the  same  construction. 


DEVELOPlvlENTAL  WORK  IN  HIGH  TEMPERATURE 


PROTECTIVE  COATINGS  FOR  REFRACTORY  METALS 


M.  E.  BROWNING 


General  Dynamics 
Fort  Worth,  Texas 


The  development  of  high  tempei^tui^e  protective  coatij^s 
differs  throughout  the  country  because  of- three  major 
considerations : 

1.  Design  objec-blves 

2.  Structural  requirements 

3.  Environmental  pai*ameters 

Each  coating  formulation  is  evolved  taking  these  three 
factors  into  consideration  plus  such  pertinent  facets  as 
metal  or  material  involved,  method  of  application,  and 
dimensional  tolerances  required.  The  essence  of  this  is 
that  specific  applications  require  specialized  coatings 
based  on  the  individual  requirements  of  the  job  to  be 
accomplished.  Where  weight  is  considered  important  (and 
where  isn't  it?),  a  super-abundance  of  protective  coating 
may  over-balance  design  weights  and  have  a  critical  effect 
on  final  design  objectives.  Naturally,  too  thin  a  coating 
will  be  susceptible  to  premature  failure  and  catastrophic 
results. 

The  effect  of  the  coating  on  the  basis  metal  (both  at  room 
temperature  and  at  operational  temperatures)  is  vitally 
important  in  the  majority  of  design  considerations.  Serious 


reduction  of  physical  properties  in  the  basis  metal 
caused  by  properties  of  the  coating,  the  method  of  applic¬ 
ation,  or  a  combination  of  both  can  also  nullify  a  good 
design. 

Ease  of  application  and  convenience  of  repair  are  ultimate 
objectives  in  any  coating  development  work.  This  type  of 
evaluation  should  be  considered  in  final  screening  tests. 
Finally,  the  environmental  parameters  (e.g.  time-at-temp- 
erature,  number  of  thermal  cycles  and  temperature  Involved, 
type  of  exposure  expected,  etc.)  must  be  careftilly  considered 

The  developmental  work  referenced  herein  represents  a-  part 
of  the  exploratory  high  temperature  coatings  work  being 
carried  on  at  General  Dynamics/  Port  Worth  and  was  chosen  to 
typify  research  in  protective  coatings  for  columbium  and 
tantalum  alloys . 

PBOCESSES  INVOLVED 

Processes  involved  in  developing  protective  coatings  at 
General  Dynamics/  Port  Worth  include; 

1 .  Spray  techniques 

2.  Slcctrodeposition 

3 .  Vapor  Deposition 


4 .  Pack  Cementation, 

and  5.  Multi-cycle  combinations  of  the  above. 
These  were  examined  for  most  advantageous  metallic  and 
intermetallic  coating  application. 

Two  fields  of  interest  predominate  in  the  work  reported 
herein.  These  are: 

A.  Close  control  coatings  for  thin 

substrates  (  under  0..020''  ),  and 

B.  High  Integrity  coatings  for  heavier 

substrates  {  over  0.020"  thickness  ). 

Screening  tests  were  used  to  eliminate  those  potential 
coatings  which  did  not  show  the  necessary  characteristics 
for  production  development.  In  the  study  reported,  careful 
examination  of  step  in  processing  was  necessary.  In  nearly 
all  cases  it  was  found  that  the  preparation  of  the  basis 
metal  was  critical.  In  this  regard,  basis  metal  specimens 
had  to  be  handled  with  special  precautions  prior  to  coating 
application. 


Col\mibium  Coatings 

Three  environmental  conditions  were  used  as  "go  -  no  go" 
limits  for  those  coatings  preliminarily  screened  and  accept¬ 
ed  for  second  phase  oxidation  testing.  Temperatures  used 
in  the  three  conditions  mentioned  were  2300°  P,  2500°  P,  and 


2J00  P.  A  wide  cone  producing  oxy-acetylcne  blast 
fixture  (with  or  without  indexing  device)  was  used  as 
the  major  test  criteria.  Zlrconia  tube  furnaces  and/  or 
R.P.  chambers  were  available  for  long  term  exposure  tests 

A.  Coatines  Constituents: 


Elements  of  these  developmental  coatings  for  columbiimi 
Included  Al,  Tl,  Cr,  Si,  Ni,  Ir-  and  Rh, 

Metal  Substrates  Tested: 


Representative  columbium  alloys  examined  included 
FS-82,  D-31,  and  C-103.. 

C.  Coating  Performance : 

A  comparison  was  made  of  several  types  of  coatings 
applied  to  test  specimens  of  the  same  alloy  cut  from 
the  same  sheet.  A  rated  comparison  is  offered  as 
Table  I, 


Tantalum  Coatings 

Protective  coatings  for  use  on  tantalum  alloys  were  examined 
in  light  of  the  three  environmental  realms  mentioned  \inder 
the  columbium  coating  evaluation.  However,  in  this  program 
the  temperatures  were  raised  200°  P.  This  results  in  three 
categories  using  2500°  P,  2700°  P,  and  2900°  P.  The  same 
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equipment  was  made  available  for  testing  in  this  work 


COMPARISON  OP  eOATINQS  ON  VARIOUS  REPRESENTATIVE 
COLUMBIUM  ALLOYS  USING  A  PERFORMANCE  RATING 


ALLOY 

COATING 

CONSTITUENTS 

TEMPERATURE 

CLASS 

RATING 

PS -82 

Si 

■■Mjlllllll 

2 

ti 

Si 

1 

PS-82 

A1  +■  Ti  ' 

(a) 

5 

If 

A1  +  Ti 

(b) 

3 

PS-82 

Or  Tit  Si 

(a) 

10 

ft 

Cr  t  Ti  +  Si 

b 

8 

ff 

Cr  +  Ti  Si 

U) 

3 

PS -82 

Cr  Si  +  A1 

(a) 

7 

ti 

Cr  -f"  Si  +  A1 

(bj 

If 

Cr  4-  Si  +  A1 

(0) 

1  + 

D-31 

Ti  t  Al  +  Ti 

(a) 

4 

ff 

Ti  +  A1  +  Ti’ 

(b)  • 

2 

D-31 

Cr  +  Ti  t  A1 

b 

6 

ff 

Cr  +  Ti  +  Si 

(c) 

2 

D-31 

A1  t  Rh 

(a) 

3 

If 

A1  +  Rh 

(b) 

2 

D-31 

N1  +  A1  -/■  Ir 

(a) 

4  . 

If 

N1  +  A1  4-  Ir 

(bj 

4 

It 

N1  +  A1  t  Ir 

(c) 

1 

C-103 

Si 

(a) 

2 

If 

Si 

(b) 

1 

C-103 

A1  +  Ti 

(a) 

3 

II 

A1  4  Ti 

(b) 

2  + 

Highest  temperature  class  for  which  satisfactory  reproduc¬ 
ible  coatings  of  minimum  thickness  appear  feasible. 

(a)  2300^  P,  (b)  2500°  P,  and  (c)  2700°  P. 

Rated  from  1  to  10  based  on  appearance  after  exposure, 
edge  protection,  and  integrity  In  the  temperature  class 
for  the  specific  alloy  Involved. 


Elements  of  these  developmental  coatings  for  tantaliun 
included  Al,  Ti,  Cr,  Ir,  and  Rh. 

Metal  Sustrates  Tested; 

Only  the  10  W  -  Tantalum  alloy  was  tested  in  this  early 
portion  of  the  tantalum  protective  coating  program. 

C,  Coating  Performance ; 

son  V7as  made  of  several  types  of  coatings 
applied  to  the  10  W  -  Ta  alloy  cut  from  the  same  sheet. 
A  rated  comparison  is  offered  as  Table  II. 


CONCLUSIONS 

General  conclusions  which  can  be  evolved  as  a  result  of 
this  portion  of  the  high  temperature  coatings  test  program 
are  as  follows; 

I.  Coatings,  applied  by  the  same  methods,  examined 

on  several  different  columblumA reveal  that  exposure 
to  oxidizing  atmosphere  induce  different  effects, 

A,  D-31  appears  to  be  somewhat  harder  to  apply  a 
uniform  coating  than  does  PS-82.  The  C-103 
tested  appears  to  be  less  homogeneous  than 
either  of  the  other  two. 

B.  The  same  coating  will  not  give  exactly  the 

same  protection  on  different  alloys  even 
when  applied  with  the  most  exacting  care. 

II.  Alumiride  coatings  applied  to  tantalum  (  IQW-  Ta  ) 

appear  to  have  greater  promise  as  a  reproducible 
production  coating  than  others  tested. 


TABLE  .II 


COMPARISON  OP  COATINGS  ON  10  W  -  TANTALUM 
USING  A  PERPORMANCE  RATING 


ALLOY 

88fiS®8uENTS 

TEMPERATJJRE 

CLASS^ 

RATING  ** 

10  W  -  Ta 

Al.f  Tl 

(&)  . 

5 

n  ti 

Al+Tl 

(b) 

3 

10  W-  Ta 

Cr+TlfSl 

(a) 

4 

tl  tt 

Cr^Tl-fSl  ■ 

(b) 

2 

10  W-  Ta 

Si  'f  Cr 

(a) 

4 

n  »i 

Si  +  Cr 

(b) 

1 

10  W-  Ta 

kl  i  It 

(aj 

3 

.  tl  n 

A1-+  Ir 

(b) 

1 

10  W-  Ta 

AimfRh 

(a) 

7 

tl  It 

kl-^TlfTOx 

(b) 

4 

Highest  temperature  class  for  which  satisfactory 
reproducible  coatings  of  minimum  thickness  appear 
feasible.  Temperatures  of  (a)  2500®  P  and  (b)  2700®  P  . 
were  used.  Tests  for  (c)  2900®  P  have  not  yet  been 
fully  completed, 

«# 

Rated  from  1  to  10  based  on  appearance  after  exposure, 
degree  of  edge  protection,  and  integrity  in  the  temp¬ 
erature  class  for  10  W-  Ta. 
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ASD  CONTRACTS  FOR 
PROTECTION  OF  REFRACTORY  METALS 


N.  M.  GEYER 


Aeronautical  Systems  Division 
Wright- Patter  son  Air  Force  Base,  Ohio 


ASD  continues  to  support  a  number  of  efforts  toward  development  of 
refractory  metal  coatings.  Included  among  those  programs  currently  sponsored 
by  the  Directorate  of  Materials  and  Processes  (i.  e.  -  Metals  and  Ceramics  Lab. 
or  Applications  Lab. )  are: 

Contract  Number  Contractor  Description  of  Effort  Status  of  Reports 

AF  33(616)-7184  Battelle  "Dev.  of  Ta  Coatings"  4  QFFc's  (15  May  61)'!« 

"  "  7215  TRW  "Dev.  of  Alloy  Coating  3  QPR's  TR  61 -66 

for  Cb"  Pt  I  &  Pt  II 

"  "  7383  Chromalloy  Establish  Reliability  of  3  QPR's  (15  April  61) 

W-2  for  Mo" 

"  "  7462  Sylcor  "Dev.  of  Aluminide  Coatings  3  QPR's  (Mar  61) 

for  Ta"  TR  61-233 

"  "  7896  Chance-Vought  "Dev.  of  Silicide  Coatings  1  QPR  (May  61) 

for  Cb" 

"  "  8125  Pfaudler  "Optimization  of  PFR-6  1  QPR  (June  61) 

Coating  for  Mo" 

"  "  8154  GE-FPLD  "Dev.  of  Std.  Test  Tech.  1  QPR  (July  61) 

for  Refractory  Metals 
Coatings" 

"  "  8188  TRW  "Dev.  of  Coatings  for  W" 

"  "  8175  GT&E  Labs/  "Studies  on  Protection  of  W"  --- 

AF  6l(052)-353  Metallic  Surfaces  "Study  of  Oxid.  Res.  Coat.  Annual  Summary 

Rsch.  Labs.  (Eng)  for  Mo"  Rept  (31  Mar  61) 

Three  contracts  were  completed  since  last  November: 

AF  33(616)-6868  NYU  "Investigation  of  Si -coat-  TR  60-825 

ings  for  W" 

AF  33(6l6)-6807  AMF  "Electrodeposited  Cermet  TR  60-718 

Coatings  for  Mo  &  Cb" 

"  "  7192  Pfaudler  "Dev.  of  Pack  Silicide  TR  61-241 

Coatings  for  Mo" 

In  addition  to  these  efforts  several  contractual  programs  in  the  nature  of  sup¬ 
porting  research  on  diffusion,  oxidation,  etc.  are  being  sponsored  by  M&C  Lab: 

AF  33(6l6)-5770  Westinghouse  "Kinetics  of  W- oxidation  TR  59-575  Pt  II 

Rsch.  Lab. 

"  "  6354  Mfg.  Lab. ,  Inc.  "Diffusion  Barrier  Studies"  TR  60-343,  7  QPR's 

(July  61) 

"  "  8005  OSU  Research  "Oxy-carburization  of  W"  No  repts  available. 

Foundation 


AF  33(6l6)-7675  OSU  Rsch.  Found.  "Oxidation  of  Ta" 

AF  6l(052)-460  Central  Inst,  for  "Rsch.  on  Defect  Structure 

Ind.  Rsch.  of  Metal  Oxides  (Nb  &  Ta)" 

(Norway) 


No  repts  available 
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'rDates  in  parenthesis  indicate  latest  Quarterly  Progress  Report. 
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FURTHER  DEVELOPMENTS  IN  REINFORCED  REFRACTORJf 
COATINGS  AT  THE  MARQUARDT  CORPORATION 

Introduction 

Under  Air, Force  sponsorahip  and  over  a  period  of  about  six  years,  The 
Marquardt  Corporation  has  been  actively  engaged  in  developing  systems  of 
reinforced  refrectory  coatings  and  devising  techniques  for  their  application. 
These-  systems  fall  into. two  categories: 

1.  Refractory  ceramic  structures  with  metallic  reinforcements 
embedded  therein. 

2.  Metallic  substructures,  to  one  side  of  which- reinforced 
refractory  ceramic  coatings  are  adfixed. 

In  the  latter  category,  the  nodes  of  the  corrupted  metallic  reinforcement 
strip  are  spot  welded  to  the  substructure,  thereby  forming  the  attachment 
means .  ’ 

Periodically,  at  the  various  meeting  of  the  Refractory  Composites  Working 
Group,  the  evolution  of  these  systems  was  discussed  and  Illustrated.  The 
majority  of  the  attendees  are  familiar  with  the  details .  However,  for  the 
■newcomers  and  those  who  wish  to  refresh  their  memories,  it  is  suggested  that 
the  proceedings  of  the  previous  meetings  of  this  group  be  reviewed  and  also 
the  following  WADC  reports : 

31  May  •  1956  TR  56-250  Unclassified 

.  15  Aug.  1957  TR  57-577,  Part  I  Unclassified 

15  Aug.  1957  TR  57-577,  Part  II  Confidential 

28  Feb.  1959  TR  59-102,  Part  I,  Confidential 

30  April  i960  TR  59-102,  Part  II  ■  Unclassified 


The  purposes  of  this  paper  are  to  bring  the  state  of  the  art  up  to  date,  to 
discuss  the  potentials,  and  to  point  cut  areas  for  further  exploration. 

Ceramic  Development 

Under  our  present  contract,  number  AF  33(6l6)-8209,  we  have  made  Improvements 
In  the  coating  compositions,  are  exploring  Improved  coating  application  tech¬ 
niques,  and  are  making  ready  to  prepare  model  test  hardware  for  4000°F  plus 
service  temperature  with  cyclic  and/or  extended  service  life. 

Our  best  compositions,  prior  to  the  Initiation  of  the  present  contract,  were 
based  on  lime  stabilized  zlrconla  grain  bonded  with  fluorophosphoric  acid. 
These  are  excellent  compositions.  They  are  readily  prepared,  applied,  and 
cured  at  to  give  hard,  strong  bodies  capable  of  service  to  4300°F. 

Fluorophosphoric  acid  is ,  however,  a  noxious  liquid .  The  fumes  attack  the 
mucous  membranes,  which  tends  to  make  life  in  its  presence  a  bit  difficult. 
This,  however,  can  be  lived  with  if  suitable  precautions  are  observed.  Many 
pieces  of  high  temperature  hardware  have  been  prepared,  such  as- plasma  arc 
chambers,  rocket  nozzles,  etc.,  which  have  performed  very  satisfactorily  with 
these  coatings . 

New  coatings,  based  on  lime  stabilized  zirconia  with  bonding  agents  newly 
discovered,  are  a  marked  improvement  over  the  fluorophosphoric  acid  bonds. 
Composites  have  been  tested  to  4725^  without  deterioration  during  multiple 
test  cycles  totaling  over  one  hour  at  4700°F.  Traces  of  glaze  have  appeared 
in  the  torched  area  distinguishing  tested  from  untested  panels.  The  thermal 
drop  on  a  l/4  inch  thick  refractory  coupon  is  11®F  per  thousandth  of  thick¬ 
ness  at  4725*^  front  face  temperature.  Other  benefits  of  these  new  type 
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compositions  are  greater  compatability  with  people,  stronger  and  harder  cured 
ceramics  with  lower  shrinkage  at  temperature.  Optimization  of  these  formu¬ 
lations  is  currently  underway. 

In  trying  to  cope  with  material  surface  temperatures  in  excess  of  4000°F, 
one  is  confronted  with  a  choice.  He  can  try  to  find  a  material  with  adequate 
structural  strength  at  temperature  or  else  insulate  a  material  with  adequate 
structural  strength  at  some  lower  temperature,  so  that  the  Insulation  pro¬ 
vides  thermal  protection  while  the  substrate  provides  structural  adequacy. 

We  have  chosen  to  develop  the  latteir  approach.-  A  second  choice  now  faces  us. 
We  can  go  the  route  of  utilizing  a  refractory  metal  as  a  substrate,  employing 
a  refractory  metal  reinforcing  media  and  utilizing  a  comparatively  thin 
refractory  coating  to  Insulate  the  substrate .  Such  a  system  can  operate  if 
suitable  anti-oxidation  coatings  are  used  on  the  substrate  and  reinforcement, 
and  if  one  is  willing  to  operate  at  substrate  temperatures  of  near  3000°F 
range.  Unfortunately,  reliability  of  such  systems  are  of  a  low  order.  The 
alternate  to  the  above  route  is  the  one  we  have  chosen  to  follow. 

If  we  can  keep  the  substructure  sufficiently  cool  to  operate  with  steel, 
stainless  steel  or  super  alloys,  we  need  no  longer  worry  about  anti-oxidatx 
coatings  for  refractory  metal  substrates.  Our  only  concern  in  this  direction 
is  to  protect  refractory  metal  reinforcing  strip  against  oxidation.  This  is 
a  simpler  and  more  easily  achieved  goal  because  the  reinforcement  with  its 
oxidation  protective  coating  becomes  completely  encapsulated  in  the  refractory 
ceramic  insulating  coating.  Penetration  of  oxygen  through  such- a  coating  is 
relatively  slow  and  so  this  coating  forms  a  strong  front  line  of  defense 
around  the  reinforcement.  The  anti-oxidation  coating  can  now  function  as  a 


strong,  impervious  second  line  of  defense,  increasing  reliability  of  the 
system.  It  cannot  be  flaked  or  lost  from  the  reinforcement  through  differ¬ 
ential  thermal  expansion,  because  it  is  physically  confined  by  the  encapsu¬ 
lating  refractory  insulating  coating. 

We  have  investigated  about  twenty  five  dip  coatings  for  the  tantalum  corru¬ 
gated  strip  reinforcement  we  are  presently  using  on  N-155  substrate.  Several 
have  shown  good  promise.  Chrome  powder  suspended  in  Nicrobraze  liquid, 
zirconia  paint,  and  Phoephotherm,  a  proprietary  phosphate  glass  were  superior 
to  the  others  tried .  We  plan  to  try  siliconized  refractory  metal  coatings 
including  W-2  and  Pfaudler's  chromized  coating  as  well  as  other  dip  formu¬ 
lations  . 

Refractory  insulating  ceramic  coating  application  techniques  have  Improved 
over  the  hand  troweling^ method  formerly  used  exclusively.  We  have  discovered 
how  to  prepare  thixatropic  compositions  which  can  be  readily  cast.  TOe  part 
with  the  attached  reinforcement  is  placed  in  a  mold  which  delineates  the  out¬ 
line  of  the  coating  to  be  cast.  The  mold  and  part  are  mounted  on  a  vibratory 
platform  and  the  ceramic  mix  vibrated  into  the  cavity.  When  the  annulus  is 
filled,  the  vibration  is  stopped  and  the  cast  is  permitted  to  set  up  for 
several  hours  before  removal  of  the  mold.  At  present,  the  cast  is  air  dried 
before  being  baked.  We  have  a  humidity  drying  and  baking  oven  under  con¬ 
struction  which  will  be  utilized  for  controlled  curing  when  completed.  Pre¬ 
sent  curing  temperatures  are  in  the  order  of  300-450°F.  We  have  started  a 
series  of  differential  thermal  analyses  to  fix  curing  temperatures  and  times 


more  accurately. 


Under  preparation  is  some  model  test  hardware  nose  caps  and  leading  edges. 
These  should  be  ready  in  a  few  months.  In  the  past,  we  have  made  and  tested 
ramjet  combustion  chambers,  leading  edges  for  reentry  vehicles,  ceramic 
components  for  plasma  chambers,  rocket  nozzles,  ceramic  tooling,  linings  for 
pebble  bed  heater  ducting,  etc.  Qhe  majority  of  these  items  performed  very 
well. 

Future  Work 

tfe  plan  to  optimize  our  present  zlrconia  based  compositions  and  to  ultimately 
move  into  the  plus  5000°F  service  range  with  thorla  based  compositions.  If 
a  way  can  be  found  to  lighten  the  composite  structure,  without  sacrificing 
strength,  reliability,  abrasion  resistance  and  ease  of  formabllity>  we  plan 
to  pursue  such  development.  Improved  reliability  and  extended  service  life 
and  application  to  structural  hardware  on  an  enlarged  scale  is  our  goal-. 
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ABSTRACT 


The  performance  of  canposite  throat  insert  materials  is  dis¬ 
cussed,  when  exposed  to  a  6000®F  flame  in  a  subscale  rocket  motor.  ■ 
Results  from  15  test  firings  are  included,  with  emphasis  placed  on 
defining  the  problem  areas  associated  with  the  use  of  ceramic,  laminar 
mixed,  micro,  and  macro  composite  material  systems. 
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INTRODUCTIOM 


Aerojet  Genwal  Corporation  has  for  the  past  year  been  conducting 
rocket  motor  firing  evalxiatlons  of  conposlte  throat  Insert  materials  capable 
of  withstanding  theoretical  propellant  flame  temperatures  In  excess  of 
6000^*  The  material  development  efforts  have  been  conducted  In  coopention 
with  several  manufacturing  laboratories*  In' this  report,  the  results  of 
subscale  Material  Evaluation  Rocket  Motor  (MEBM)  tests  are  dlssemlnatedp 
with  enqphasls  placed  upon  characterizing  the  StateM>f-tbe>Art  and  problems 
encountered  In  utilizing  each  type  of  cooqposlte  material* 

This  vorkp  sponsored  by  the  POLARIS  program  under  contract  number 
LMSC  18-2211,  Is  scheduled  for  presentatl  n  at  the  fifth  meeting  of  the 
Refractory  Coaqposltes  Working  Grot^  of  the  Aeronautical  Systems  Division* 
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EPtaiMEHTAL  DgrA3I. 

The  MEPrM  chciracterlstlcs  and  prog^tTamoed  test  conditions  are 
tabulated  as  follows: 

(1)  aiotor  type  -  end  bximing 

(2)  propellant  type  ~  nitroplasticized/polyure thane 

(3)  theoretical  flame  temperature  -  6180®F 

(4)  chamber  pressure  -  ,80G  to  1000  psi 

(3).  duration  >  60  seconds 

(6)  propellant  consumed  -  70  pounds  per  test 

(7)  throat  type  -  see  Figures  1-3  (P/N  1-306428,  0-331516 
and  lr314376). 

RESULTS  &  DISCUSSION 

The  detailed  test  results  an  appended  as  TABLE  I  and  discussed 
by  reference  to  the  type  of  composite,  firing  number  and  insert  materialo 

CERAMIC  COMPOSITES 

CT-2  -  The  TaC  insert  fabricated  by  plasma  arc  spraying  was 
reported  by  the  vendor.  General  Telephone  and  Electronic  Laboratories,  to 
be  a  combination  of  TaC  and  T&2O  due  to  decarburization  of  the  TaC  powder 
in  the  plasma*  Despite  the  mixed  carbide  system,  the  insert  appeared  to 
fire  well  until  28*8  seconds,  when  it  is  believed  that  degradation  of  the 
asbestos-epoxy  back-up  material  permitted  ejection  of  the  insert*  Use  of 
plastic  insulation  type  back-up  material  was  dictated  by  the  desire  to 
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ainialB*  the  thenal  gradient  and  hence  the  therml  shock  potential  on 
the  insert*  Review  of  the  firing  laovlea  indicated  no  pyrophoric  tendency 
of  the  TaC  in  this  fael|  nor  tendency  to  themal  shock,  in  this  relatively 
(l/Vlncb)  thin  section*  But  this  firing  does  illustrate  the  need  for  a 
suitable  high  temperature  insulation  material  that  will  not  degrade  under 
heat* 

It  has  been  suggested,  but  not  tried,  that  laminates  of  TaG  which 
are  relatively  poor  thermal  conductors  be  used  as  its  own  insulation* 

SI»37  -  Firing  of  a  TaC  insert  (also  from  GTj£)  with  a  large  ATJ 
graphite  heat-sink  resulted  in  a  spalling  thermal-shock  type  of  failure* 

The  difference  in  Insert  performance,  when  compared  to  SI-2,  is  attributed 
to  the  influence  of  a  heat-slhk  versus  insulating  type  back-iqp  material* 

SI-32  -  The  TIB2  insert  (from  GTiffl) ,  fabricated  by  plasma  arc 
spraying,  is  an  example  of  the  thermal  shock  problem  which  must  be  avoided 
in  using  brittle  Inorganic  materials*  This  insert  ejected  incandescent 
particles  of  TiBg  from  ignition  until  it  was  completely  consumed  at 
14  seconds*  The  use  of  National  Carbon’s  C-6  cement  was  an  atte]q>t  to 
provide  a  moldable  back-\q)  material  for  inserts,  thereby  minimizing  assembly 
and  fit-up  problems.  Its  use  was  not  successful. 

SI-44  -  Despite  the  conclusive  results  in  Table  I  labeled,  "insert 
completely  eroded,"  this  firing  of  HfC  (fabricated  by  Firth  Sterling)  is . 
regarded  as  inconclusive,  since  neither  the  physical  characteristics  nor 
fabrication  technique  could  be  adequately  documented.  The  problem  n-^  know- 


ing  ’’what’’  composite  is  being  tested  cannot  be  overly  mphasizedp  since  in 
most  cases  the  raw  materials  ^  fabrication  'technique  prcvlde  the  only  in¬ 
sight  to  a  subsequent  development  sequence* 

MIXED  COMPOSITES 

SY-18*  20  and  49  -  These  firings  represent  an  approach  to  minimizing 
the  thermal  shock  tendencies  of  carbides  by  hot  pressing  them  wi-th  graphite 
pduder*  The  fabrication  technique,  invol'ving  a  gradation  in  'the  respectl've 
amoun'bs  of  carbide  and  graphite  at  various  depths  below  the  ^name  surface, 
has  been  under  development  by  the  Carborundum  Company.  Although  the  Inserte 
did  not  display  thermal  shock  cracks,  they  did  erode  more  than  standard 
graphites  in  this  propellant. 

The  TaC-ZrC-C  (graphite)  insert  eroded  more  than  its  TaC-C  (^aphite) 
counterpart  and  introduces  the  question  -  Do  the  3/1  and  4/1  TaC/ZrC 
material  combinations  actually  possess  melting  points  which  are  greater 
than  TaC?  As  part  of  the  answer,  AGC>Az\isa  nas  received  TaC-ZrC-C  (graphite) 
san5)les  from  Carboirundum  for  determination  of  the  melting  point. 

SY-19  -  With  an  addition  of  ZrC  (30^  by  weight)  less  erosion 
resistence  was  exhibi'ted  than  that  of  the  parent  ZT  type  graphite  developed 
by  the  National  Carbon  Con5>any.  This  s'tatement  serves  as  a  generalization 
for  all  additives  tested  thus  far  although,  an  additive  which  is  capable  of 
minimizing  graphite  chemical  reactivity  is  still  being  sought. 

SY-16  -  Mix  6214  (Kennametal)  is  an  example  of  a  carbon  exchange 
me'bal.  In  theory  at  firing  temperatures,  two  lower  melting  materials  (that 
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are  fabrlcable)  revert  to  higher  melting  materials  as  shown  in  the  following 
reaction  - 

Ta  +  WC  TaC  +  H 

Under  5500^7  propellant  conditions,  the  concept  appeared  sound*  A 
post-fired  metallurgical  examination  disclosed  that  the  reaction  had  pro¬ 
ceeded  partially  throtigh  the  insert  from  the  flame  surface* 

Under  6180®F  flame  conditions,  the  ratio  of  refractory  product 
materials  to  less  refractory  reactant  materials  was  not  great  enou|^  and 
melting  occurred.  To  alleviate  the  problem,  the  Kennametal  Corporation 
altered  the  material  ratios,  initiated  the  reaction  by  pre-sintering  and 
incorporated  an  additional  degree  of  thermal  shock  resistance  by  infil¬ 
trating  the  void  spaces  with  copper.  This  new  material  designated 
Mix  6707  Cu  is  scheduled  for  testing, 

LAMINAR  COMPOSITES 

SY-36  and  -38  -  Tungsten  backed  with  TaC  on  the  CD  and  TaC  baoked 
with  tungsten  on  the  OD  represent  two  laminar  material  systems.  Neither 
approach  fired  successfully;  a  list  of  potential  causes  of  failure  is 
listed  as  follows: 

a*  With  TaC  on  the  CD  the  tungsten  is  denied  a  heat-sink;  it 
is  forced  to  operate  at  higher  temperatiires  and  ultimately  suffers  erosion* 
b*  Conversely,  with  txingsten  on  the  CO  the  TaC  is  provided  a 
heat  sink  and  an  imnecessarily  large  thermal  gradient* 

c*  Hovever,  a  more  probable  cause  has  been  provided  by  studies 
of  the  fabricator.  General  Telephone  and  Electronic  Laboratory*  In  an 


are  image  furnace  at  5400<*F  a  third  phase  is  formed  during  a  three  minute 
exposure  uhen  tungsten  powder  surrounds  a  larger  TaC  particle*  At,  5800®F 
nearly  complete  W-TaC  solution  occurs  in  one  minute  producing  a  product 
identified  as  (V, 

MICRO  COMPOSITES 

SY-73  -  SI-73  typifies  a  group  of  firings  ^Mch  featured  the  addition 
of  cazhides  to  a  hot  pressed  tungsten  matrix*  In  this  case  the  tungsten  was 
88$  of  theoretical  density*  In  all  Instances,  carbide  additions  increased 
the  crack  sensitlYlty,  compared  to  tmalloyed  tungsten,  and  the  tendency  for 
carbide  tungsten  reactions  were  observed  in  the  post-fired  matrix  when 
viewed  on  a  metallograph*  Purposeful  incliusion  of  carbides  has  been  discon¬ 
tinued* 

MACRO  COMPOSITES 

SI-24.  -  The  Armour  approach  to  utilization  of  composite  materials 
incorporates  a  tungsten  wire  matrix  with  a  vacuum  infiltration  of  carbide 
particles  into  the  interstices*  The  macro  conqposite  mixture  is  then  hot 
pressed  in  a  graphite  die*  The  firing  results  with  less  refractory  carbides, 
ZrC  and  TiC  (in  5500®?  fuel),  appear  promising  although  erosion  in  the  ZrC 
Instance  is  regarded  as  excessive.  Futiure  firings  will  incorporate  TaC-V 
and  HfC-V  conqposites* 

SI-78  and  80  -  The  \i8e  of  a  tungsten  metal  honeycomb  to  restrain  a 
high  temperature  carbide  filler  and  improve  its  shock  resistance  fired 
successfully  with  5500®?  propellant.  However,  when  esqposed  to  the  added 


th6xaal  loading  and  flasw  chemistry  of  the  6200^  fuel,  both  TaC-V  honey- 
condb  and  I|bC->W  honeycomb  esdiibi'^  excessive  erosion. 

SUMMAlg  and  CONCLUSIONS 

Based  upon  a  requirement  of  minimal  erosion,  none  of  the  con^site 
insert  materials  tested  to  date  have  displayed  a  value  of  utility  when  used 
with  this  pi  pellant.  The  principle  problem  appe£o:s  to  be  thermal  shock  or 
the  means  to  overcome  thermal  shock,  which  creates  a  material  system  that 
is  chemically  reactive  with  itself  (W-TaC  reactions)  or  the  propellant  at 
high  temperatures. 

The  reactivity  of  thin  stoichiometric  carbide  coatings  with  combustion 
products  is  not  established,  partially  due  to  the  back-up  material  and  design 
problems  inherent  in  testing  thin  coatings. 


CcrMile*  *nd  Ccapoalt*! 


COMPOSITE  MATERIALS  REPORT 


The  work  at  Bendix  since  the  last  working  group  meeting  has  been  concentrated  in 
two  principal  areas.  One  is  further  development  of  the  tungsten  base  composites 
which  exhibit  the  microtranspiration  cooling  effect  and  the  other  is  further  de¬ 
velopment  and  testing  of  the  chromium  composite  materials.  Preliminary  work 
in  both  of  these  basic  compositions  was  reported  in  the  last  working  group  meeting. 

Tungsten  Composite  Materials 

The  work  with  the  tungsten  composite  materials  has  included  further  compositional 
development,  further  experimental  evaluation  in  solid  propellant  rocket  nozzles, 
and  additional  theoretical  analysis  on  the  potential  heat  absorption  effect  of  this 
type  of  structure.  The  principal  basis  for  the  microtranspiration  theory  is  shown 
in  linear  analysis  of  Figure  1.  This  analysis  was  made  from  a  tungsten-beryllium 
oxide  composite  throat  insert  fired  on  a  second-stage  Minuteman  rocket  motor. 

The  analysis  shows  the  loss  of  the  oxide  to  a  depth  of  approximately  .150"  and  a 
corresponding  increase  in  tlie  porosity  of  the  microstructure  with  a  negligible  re¬ 
duction  in  the  tungsten  matrix  material.  The  analysis  also  shows  the  rapid  change 
from  an  area  of  oxide  loss  to  an  area  of  no  oxide  loss  indicating  removal  of  the 
oxide  phase  as  a  gaseous  phase  rather  than  a  liquid  phase. 

In  the  area  of  compositional  development,  two  important  factors  have  been  deter¬ 
mined  with  the  microtranspiration  materials.  The  first  of  these  was  that  aluminum 
oxide  could  be  substituted  on  a  volume  basis  for  the  beryllium  oxide  with  equivalent 
test  results  and  equivalent  loss  of  the  oxide  phase.  This  demonstrates  that  the 
microtranspiration  mechanism  functioned  with  both  oxide  materials.  Aluminum 
oxide  was  introduced  into  the  composition  after  formulating  the  microtranspiration 
hypothesis  which  would  dictate  that  the  melting  point  of  the  oxide  is  secondary  to 
its  potential  energy  absorption.  The  fact  that  a  lower  melting  oxide  has  fimctioned 
as  well  as  the  higher  melting  beryllium  oxide  is,  perhaps,  the  best  experimental 
evidence  that  a  cooling  mechanism  is  effective  in  these  tungsten  composite  ma¬ 
terials. 

The  other  important  development  from  a  compositional  standpoint  is  that  a  catalyst 
is  required  to  create  the  oxide  loss  noted  in  the  tungsten-aluminum  oxide  or  tung¬ 
sten-beryllium  oxide  materials.  Figure  2  shows  the  microstructure  of  a  tungsten- 
aluminum  oxide  composite  after  testing  in  identical  conditions.  One  composition 
contained  the  catalyst  and  the  other  composition  did  not.  A  copper  infiltration 
process  has  been  used  after  testing  and  prior  to  mounting  both  materials  so  as  to 
determine  the  void  spaces  and  continuous  porosity  present  in  the  microstructure 
prior  to  metallographic  preparation.  The  dark  areas  in  the  photomicrograph  are 
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OF  A  TUNGSTEN  COMPOSITE 


the  aluminum  oxide  grains  and  the  orange  colored  areas  represent  the  void  spaces 
(copper  infiltrated).  These  photomicrographs  clearly  indicate  the  loss  of  the  oxide 
phase  when  the  catalyst  is  present  and  the  retention  of  this  phase  when  the  catalyst 
is  absent. 

In  order  to  determine  the  potential  energy  absorption  of  the  proposed  microtran¬ 
spiration  cooling  mechaniirm,  the  work  from  Ingram  &  Associates  at  the  University 
of  Chicago*  was  studied  to  determine  the  chemical  species  present  in  tungsten- 
oxide  systems  at  high  temperatures.  Ingram’s  work  was  extrapolated  to  5500®F 
from  4300° F,  and  at  this  temperature  it  was  determined  that  tlie  equilibrium  spe¬ 
cies  of  a  tungsten-alumina  system  include  aluminum  metal  49%  and  oxygen  35% 
which  indicates  the  degree  of  dissociation  of  the  oxide  in  this  temperature  range. 
From  a  knowledge  of  the  species  present,  the  potential  capabilities  of  a  tungsten- 
aluminum  oxide  composite  to  absorb  heat  during  a  rocket  firing  were  calculated. 
Using  this  data,  a  heat  transfer  analysis  was  made  and  the  results  are  shown  in 
Figure  3.  The  assumptions  used  in  this  analysis  are  indicated  in  the  figure.  This 
analysis  shows  that  a  tungsten-aluminum  oxide  composite  material  utilizing  the 
microtranspiration  cooling  mechanism  can  survive  an  8000°  F  flame  temperature 
firing  for  over  60  seconds  where  a  pure  tungsten  material  would  reach  its  melting 
temperature  in  slightly  over  10  seconds. 

As  mentioned  previously  both  the  tungsten-aluminum  oxide  and  the  tungsten-beryl¬ 
lium  oxide  composite  materials  have  been  successfully  tested  in  solid  propellant 
nozzle  inserts.  Table  I  summarizes  the  testing  with  these  materials  and  lists  the 
conditions  of  the  various  tests.  As  indicated  in  this  Table,  the  ti  sten-beryllium 
oxide  material  (Compound  2410-135)  has  received  more  ejrtensive  testing  than  the 
tungsten-aluminum  oxide  (Compound  3870-1).  Microscopic  examination  of  these 
tests  has  indicated  oxide  loss  similar  to  that  illustrated  in  the  linear  analysis  of 
Figure  1.  The  depth  of  oxide  loss  has  been  dictated  by  the  thermal  environment  of 
the  particular  test.  The  oxide  loss  in  the  inserts  containing  beryllium  oxide  has 
not  led  to  any  toxic  air  contamination.  Air  samples  were  taken  on  all  full-scale 
tests  and  the  maximum  beryllium  content  was  less  than  one-fiftieth  of  the  allow¬ 
able  short  time  limit  established  by  the  A.E.C.  The  test  conditions  listed  in  Table 
I  are  not  severe  enough  to  determine  the  effectiveness  of  the  microtranspiration 
mechanism,  since  pure  tungsten  materials  have  survived  most  of  these  test  condi¬ 
tions  without  erosion.  These  tests  do  indicate  the  ability  of  the  tungsten  composite 
materials  to  withstand  present  propellant  conditions.  The  theoretical  analysis  on 
the  potential  heat  absorption  of  the  microtranspiration  mechanism  discussed  above 
indicates  the  ability  of  the  tungsten  composite  material  to  withstand  more  severe 
test  conditions  than  can  be  tolerated  by  pure  tungsten  material. 

The  listing  of  these  successful  tests  is  not  meant  to  imply  that  all  tests  with  these 
materials  have  been  successful.  Structural  failures  have  occurred  in  several  tests. 
The  importance  of  the  successful  tests  is  the  fact  that  these  materials  possess 


♦Ingram  and  Drowart,  International  Symposium  On  High  Temperature  Technology, 
p.  219,  McGraw-Hill,  1960. 
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adequate  structural  properties  when  properly  supported  and  the  nozzle  is  properly 
designed.  All  of  the  materials  currently  under  investigation  for  use  as  inserts 
with  higher  temperature  propellants  are  more  brittle  than  the  tungsten  inserts 
currently  in  use.  If  these  materials  are  to  be  successful,  more  attention  will  have 
to  be  given  to  better  def  nition  of  design  parameters  and  development  of  design 
concepts  which  will  minimize  stresses  in  the  throat  inserts. 

Chromium  Composite  Material 

The  chromium  composite  material,  as  reported  in  the  last  working  group  meeting, 
is  composed  of  chromium  with  one  of  the  Group  II  oxides.  The  principal  compo¬ 
sition  evaluated  to  date  is  the  Bendix  Chrome-30  material  which  is  composed  of 
chromium  and  magnesium  oxide.  The  improved  erosion  resistance  of  this  ma¬ 
terial  over  pure  chromium  was  reported  at  the  last  working  meeting.  This  im¬ 
provement  is  believed  due  to  a  modification  of  the  oxide  protective  layer  formed 
on  the  surface  of  the  material  when  exposed  to  a  high  temperature  oxidizing  en¬ 
vironment.  This  modification  eliminates  the  eutectic  between  chromium  oxide  and 
chromium  and  enhances  adherence  of  the  protective  coating. 

The  principal  improvements  obtained  with  this  material  since  the  last  working 
group  meeting  have  been  achieved  through  hot  working  of  the  sintered  material. 
Through  the  cooperation  of  Wright  Field  personnel  and  using  Wright  Field  equip¬ 
ment,  the  Chrome-30  material  was  extruded  at  temperatures  of  2200®  F  and  ex¬ 
trusion  ratios  ranging  from  6:1  to  12:1.  The  properties  obtained  from  the  ex¬ 
truded  material  are  shown  in  Table  II.  The  most  significant  improvement  in  the 
physical  properties  after  extrusion  was  the  ductility  obtained  in  tensile  test  speci¬ 
mens.  Figure  4  shows  a  room  temperature  stress-strain  curve  of  a  material  ex¬ 
truded  at  a  10:1  area  ratio.  No  special  precautions  were  used  during  the  ex¬ 
trusion  to  protect  these  materials  from  contamination  and  the  tensile  bar  was 
tested  as  machined.  The  degree  of  ductility  obtained  in  this  material  at  room 
temperature  after  extrusion  was  important,  but  even  more  important  with  a  chro¬ 
mium  base  material  is  the  ductility  after  reheating  in  air.  Figure  5  shows  the  de¬ 
flection  versus  maximum  fiber  stress  in  a  simple  bend  test  of  the  extruded  ma¬ 
terial  compared  to  the  deflection  obtained  on  the  same  material  after  reheating  in 
air  to  1800°  F  for  one  hour.  This  data  indicates  that  ductility  has  been  achieved  in 
a  chromium  base  material  without  special  precautions,  such  as  sheathing  during 
the  processing,  using  a  high  purity  grade  chromium  raw  material,  or  special  sur¬ 
face  removal  and  that  this  ductility  is  retained  after  reheating  to  a  temperature 
which  normally  causes  embrittlement  in  pure  chromium. 

Long  time  oxidation  tests  have  been  conducted  on  extruded  Chrome-30  material 
and  the  results  of  these  tests  are  shown  in  Figure  6.  The  improved  oxidation  re¬ 
sistance  of  this  material  over  pure  chromium  is  attributed  to  the  modification  of 
the  protective  coating  which  is  formed  on  the  surface  of  the  material  when  exposed 
to  temperatures  in  the  order  of  1800° F  in  air.  The  modified  coating  not  only  re¬ 
duces  the  rate  of  oxidation  in  the  lower  temperature  range,  but  greatly  improves 
the  ebating  adherence  which  is  a  major  problem  with  pure  chromium  materials 
above  1600®F. 
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TABLE  n 


PROPERTIES  OF  CHROME-30 


Tensile  Strength,  Extruded  Bar . 

(Extrusion  Ratio  10:1) 

Elongation,  Extruded  Bar  Over  1-1/4”  Length.  .  .  . 

Tensile  Strength,  Forged . . 


Hardness  As  Extruded  .  .  .  . 

Density . 

Oxidation,  100  Hours  @  2000°  F 
Conductivity,  Thermal  .  .  .  . 
Expansion  @  0-1200°  F  .  .  .  . 

1200-2000° F  .  .  .  . 

Electrical  Resistivity . 

Emissivity,  1200°  5'  And  Above 


56,500  psi  @72°F 
23,000  psi  @1800°F 

4.800  psi  @2500°  F 
15%  @72°F 

19%  @600°  F 
35,000  psi  @  72°F 
18,000  psi  @1800°  F 
6,300  psi  @2600°F 

1.800  psi  @3100°  F 
RgSl 

0.  238  Ibs/cu.  in. 

2 

0. 003  gms/cm  wt.  gain 
35  BTUAr/ft^  °F/ft  @  78°F 
4. 1  X  10"®  in/in  °  F 
5.2x  10"®  in/in  °F 
4.  8  X  10"®  ohm-cm 
0. 90 


r*/' 

r-.-: 
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56,500  PSI  ULT 


.2%  YIELD  35,000  PSI 


TENSILE  TEST  ROOM  TEMP.  78  F 
2400-30  EXTRUDED  10  TO  I 
LOAD  RATE  300  LBS. /  MIN. 
START—  LENGTH  2.995 
DIA.  .253 

FINISH—  LENGTH  3.199 
DIA.  .236 

ELONGATION  16%  OVER  1.25 
INCH  NECK 


A 


1 


TIME-HOURS 


OXIDATION  WEIGHT  GAIN 

Figure  5.  Bend  Test  Of  Chroine-30. 


M  AXIMU 


lb  addition  to  the  extrusion  work  previously  discussed,  Chrome-30  material  has 
l^en  extruded,  forged,  and  rolled  both  hot  and  cold  (600°  F).  The  data  obtained 
from  a  material  which  was  extruded  at  a  ratio  of  10:1  at  2200*^F  hot  forged  50%, 
hot  rolled  50%  and  cold  rolled  at  600*  F  for  50%  is  presented  in  Table  m.  This 
data  was  obtained  from  the  limited  number  of  test  samples  and  is  not  considered 
statistically  significant.  It  does  indicate,  however,  the  potential  which  can  be  ob¬ 
tained  with  this  material  by  cold  working  and  heat  treating  processes. 


TABLE m 

EFFECT  OF  WORKING  AND  HEAT  TREATMENT  OF  CHROME-30 


Condition 

Yield* 

Strength 

(PSD 

Ultimate* 

Strength 

(PSD 

Deflection 
. Inches 

As  extruded 

31,000 

51,000 

.20 

As  rolled  50%  @  600°  F 

83,000 

0 

Rolled  and  annealed  at 

1850° F  for  1  hour  in  air 

40,000 

100,000 

.20 

♦Maximum  fiber  stress  in  bend  sample  -  .1”  x  .3"  -  span  length  1”. 
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CERAMIC  COATING  CONSIDERATIONS  FOR 
REACTOR  COMPONENTS 

Henry  Lefort 

.  .Lawrence.  Radiation  Laboratory,  University  of  California 

Livermore,  California  .  • 

Research  and  developnient  work  on  Project  Pluto  at  Lawrence- Radiation 
Laboratory  is  largely  classified.  The  details  of  development  woi;k  on  mate¬ 
rials,  techniques  of  fabrication  and  the  operating  conditions  (temperatures, 
etc. )  for  reactor  components  cannot  be  specifically  discussed  on  an  unclas¬ 
sified  basis.  Consequently,  only  general  considerations  for  coating  reactor 
components  can  be  made  in-  this  presentation-  ‘  '  '  . 

The  ceramic  group  at  Lawrence  Radiation  Laboratory  is  presently 
engaged  in  studying  many  basic  and  developmental  problems  of  ceramic  ap¬ 
plication  in  elevated-temperature  nuclear  reactors.  One  particular  area  of 
interest  is  concerned  with  ceramic  or  oxide  coatings  for  protection  of 
BeO-UO^  reactor  components.  Specifically,,  it  is  desired  to  protect  the. BeO 
from  moisture  attack  at  high  temperatures  and  pressures.  Attack  of  this  type 
is  to  be- expected  if  a  reactor  operates  in  air  at  high  temperatures.’  . 

Fuel  elements  based  on  the  BeO-UO^  composition  are  being  considered 
for  use  in  many  new  high- temperature  reactor  experiments.  Application 
may  be  found  in  the  nuclear  propulsion  field,  for  example.  Project  Pluto 
and  the  now  defunct  Aircraft  Nuclear  Propulsion  project.  Pluto  is  a  nuclear 
ramjet  engine  for  a  low-flying,  Mach  three,  air-breathing  missile. 

In  considering  the  use  of  BeO  in  moderators  or  in  fuel- moderator  com¬ 
binations,  it  becomes  necessary  to  estimate  the  operating  conditions  which 
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may  be  encountered.  It  is  conceivable  that  a  hollow  cylindrically  shaped 
piece  of  dense  BeO-UO^  will  be  exposed  to  temperatures  well  in  excess  of 
2000® F  for  long  periods  of  time  and  possibly  at  high  pressure  in  moist  air. 
McKisson^  indicated  that  the  BeO-H^O  interaction  will  not  limit  the  feasi¬ 
bility  of  operation  of  an  open-cycle  BeO-moderated  power  reactor  at  pas¬ 
sage  surface  temperatures  up  to  1560°F.  At  higher  temperatures,  however, 
volatilization  of  BeO  in  the  presence  of  water  vapor  may  become  important 
enough  to. consider  methods  of  minimizing  it. 

A. ceramic  coating  for  a  BeO  body  must  first  of  all  meet  the  neutronic 
requirements  (i.  e. ,  low  absorption  cross  section).  If, should  have  signifi¬ 
cantly  better  resistance  to  water  attack  than-  BeO.  Consequently,  for  some 
reactor  applications,  SiO^  and  the  silica.tes  will  not  be  satisfactory  for  use 
due  to  their  soluble ‘nature  at  high  temperatures  in  high  gas  flows. 

Consideration  must  also  be  given  to  thermal  expansion  match,  chem¬ 
ical  stability,  and  crystalline  stability  as  compared  to  BeO.  The  coating 
should  have  a  fairly  close  thermal- expansion  match  to  the  BeO  body,  should 
be  resistant  to  chemical  reaction  with  the  gas  flow  or  with  the  BeO  substrate, 
should  have  low  vapor  pressure,  and  should  not  exhibit  phase  changes  which 
might  disrupt  its  adherence  to  the  substrate.  One  soon  finds  that  there  are 
only  .a  few  materials  that  may  meet  such  coating  requirements.  Al^O^  and 
ZrO^aretwo  which  maybe  satisfactory  because  of  their  low  cross  sections 
and  refractory  nature. 

The  next  question  is,  how  does  one  apply  such  materials  to  obtain  a 
dense  inert  coating  on  a  BeO-base  substrate.  In  many  cases  the  shape  factor 
(such  as  a  small  hollow  cylinder)  will  rule  out  aby  type  of  flame- spray  meth¬ 
od.  However,  there  still  remain  such  methods  as  slip  dipping,  vapor  depo¬ 
sition,  vacuum  deposition,  vapor  transport,  and  such  chemical  reactions  as 
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the  pack  pe  iientation  process.  If  one  is  concerned  with  production  amounts 
(perhaps  several  thousand  pieces  or  more),  the  coating  method  may  be  a 
limiting  factor.  -  .  .  , 

The  temperature  of  coating  application  is  important  regardless  of  the 
application  method.  There  seems  to  be  no  lower  limit,  but  the  upper  limit 
is  governed. by  the  extent  of  the  coating-BeO  reaction.  If  at  too  high  a  tem¬ 
perature  for  too  long  a  time,  the  BeO.  may  penetrate  through  to  .the  coating 
surface  and  be  available  fo.r  water  attack.  As  an  example,  if.Al^Pj  were 
slip-dipped  on  and  fired  to  a  dense  or  vitreous  coat,  then  a  beryllium  alumi- 

nate  su  h  as  chrysoberyl  (BeO-rA'l^O.^)  cbuid  forrn  a  a  maturing  temperature 

•  2  .  .  •  . 
slightly  above  3100.‘’.T.  Young  has  shown  that  this  compound  is  also  subject 

to  moisture  .attack. 

Coating  application  methods  such  as  vapor  deposition  of  Al^O^  frpm 

a  reaction  of  anhydrous  AlCl.,  with  H.,  and  CO,  are  described  by  Powell 

3  ■  '  ■  ■  *  . 

et  al.  Since  such  a  reaction  can  take  place  near  1900®F,  it  seemp  pos¬ 
sible  that  the  formation  of  beryllium  compounds  within  the  coating  material 
could  be  eliminated.  However,  such  coating  adherence  may  be  questionable.. 
That  is,  one  c.''uld  expect  more  mechanical  adherence  than,  chemicai-bond 
adherence  with  this  method.  Consequently,  .spalling  may  take  place  more 
readily  with  a  slight  thermal  mismatch,  or  with  a  phase  change  in  the  coat. 

Some  aspects  of  the  problernr,  involved  in  coating  BeO-base. ceramic 
components  have  been  considered.  A  few  advantages  of  a  coating  for  BeO 
are;  ...  •  ’ 

1.  By  using  a  uniform  thin  coat  the  smallest  weight  and  volume  of 
foreign  material  is- introduced  into  a  reactor. 

2.  The  coating  may  protect  against  other  corrosive  vapors  or  .condi¬ 


tions. 
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3.  Coatings,  especially,  of  the  simple  oxide  type  such  as  Al^O^,  can 
be  fairly  easily  included  in  a  production  step  when  manufacturing  large  num¬ 
bers  of  pieces. 

4.  Application  can  be  made  to  selected  areas,  and  more  than  one  type 
of  coating  can  be  applied  to  one  piece  or  component  if  conditions  require  it. 
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A  coating  is  one  of  the  many  possible  composite  structures. 
A  gradated  coating  consists  of  two  or  more  components »  either 
metallic  or  non-metallic,  whose  proportions  vary  continuously 
according  to  a  preselected  pattern  from  the  substrate  to  the  outer 
face. 

The  principal  objectives  in  producing  a  gradated  coating 
as  compared  to  a  monolithic  or  single  component  coating  are 
improved  thermal  shock  characteristics  and  therefore  increased 
adherence  levels.  Once  the  base  material  and  operating  environ¬ 
ment  over  As  temperature  range  of  interest  have  been  established 
Ae  prop  "  ^rznal  expansion  of  Ae  desired  coating  can  be  pro¬ 
duced  by  gradation  techniques.  A  smooth  transition  is  desired 
for  maximum  strucAral  integrity. 

The  initial  step  in  producing  a  gradated  coating  is  tp 
apply  a  suitable  metal  undercoating  to  the  substrate  whose  co¬ 
efficient  of  expansion  closely  matches  that  of  the  base  material. 

Common  undercpating  materials  would  include  the  lower 
melting  nickel- chromium  base  alloys  where  suitable,  as  well  as 
molybdenum  or  timgsten  for  more  refractory  applications. 

Initial  gradation  investigations  were  directed  towards  producing 
acceptable  systems  for  Ain  tubular  wall  regeneratively  cooled, 
liquid  rocket  engines.  It  has  since  been  expanded  to  include 
dense  graphite  shapes  as  well. 


The  actual  method  for  producing  the  gradation  zone  in  a 
composite  coating  structure  is  straightforward.  For  example, 
to  produce  a  smooth  transition  from  a  nichrome  base  to  a  sta¬ 
bilized  zirconia  outer  insulating  layer  two  to  five  discrete 
mixtures  are  deposited  in  a  transition  zone.  The  initial  mixtures 
contain  large  volumetric  proportions  of  the  metal  rich  structure. 
The  final  passes  are  deposited  with  the  materials  present  in 
approximately  inverse  proportions  to  those  previously  laid 
down.  However,  it  has  been  found  that  the  '*as  sprayed"  com¬ 
posite  material  differed  greatly  from  the  pre-mixed  powder 
feed.  In  order  to  resolve  the  problem  of  determining  the  per¬ 
cent  of  oxide  and  metal  that  deposits  from  a  feed  of  feiown 
proportions,  semi-quantitative  spectrographic  an  .lysis  deter¬ 
minations  were  r.un  with  a  series  of  mixed  powders.  It  should 
be  pointed  out  that  while  several  methods  exist  for  producing 
suitable  cermet  powders  for  this  spray  purpose  ,  no  known 
supplier  is  currently  producing  them.  Therefore,  the  experi¬ 
mental  coatings  deposited  in  these  studies  were  ail  pre-mixed 
and  not  pre-alloyed.  Particle  diameters  generally  ranged  from 
15  to  75  microns.  An  example  of  the  type  of  study  that  mUst  be 
run  prior  to  producing  depositions  of  known  proportions  is  listed 


in  Table  I. 


One  concept  that  has  been  built  would  allow  instantaneous 
mixture  control  from  a  series  of  four  hoppers  feeding  into  a  com¬ 


mon  manifold,  each  individually  controlled  by  a  solenoid  valve. 

In  the  course  of  W,  A.  D.  D.  contract  AF  33(6l6)-7323  a 
problem  similar  to  that  previously  discussed  was  encountered 
with  nickel-alumina  gradations.  A  summary  of  the  spectrographic 
analysis  of  several  mixtures  is  listed  in  Table  2. 

Table  2.  Analysis  of  "as  mixed"  and  "as  sprayed" 

Nickel- Alumina  Gradations 

Powder  Mixture  Analysis  Sprayed  Deposition  Analysis 


Nickel 

Alumina 

Nickel 

Alumina 

61.0 

39.0 

77.5 

22.5 

47.0 

53.0 

51.0 

49 

17.5 

82.5 

48.5 

51.  5 

Current  efforts  are  directed  towards  combining  the  erosion 
resistant  properties  of  refractory  carbide  compounds  with  other 
materials  in  composite  plasma  sprayed  systems. 

Referring  again  to  the  W.  A.  D.  D.  sponsored  activities  at 
Plasmakote,  Table  3  lists  a  summary  of  the  carbon  chemistry  of 
several  refractory  carbide  systems. 


*  ^  S'’  -*•  S"  S*  Sf  Sm  . 


A  brief  liter«t\ire  survey  has  shown  some  variation  in 
accepted  idiysical  and  chemical  constants  of  these  materialst 
due  undoubtedly  tO/the  presence  of  minute  traces  of  contaminates* 
The  contamination  remains  present  in  current  investigations* 
Particular  carbide  powder  lots  are  generalV^sf®®®^  pure  metallic 
elements  except  in  trace  quantities*  However,  Hafnium  Carbide, 
for  example,  has  been  received  with  as  much  as  4  weight  percent 
Zirconium  Carbide  present.  This  would  undoubtedly  be  explained 
in  terms  of  mutual  solubility  based  only  on  slight  variation  in 
dieir  lattice  constants,  (i*  e.  ZrC  4,  685A** ,  HfC  4. 64A  *  )  The 
problem,  in  actual  coating  practice,  would  be  one  of  conjecture 
only,  being  that  under  oxidizing  conditions  both  Zirconium  and 
Hahdum  Carbide  form  refractory  insulating  oxides* 

It  should  be  noted  that  both  Hafiiium  and  Columbium  Car» 
bides  were  received  in  a  carbon  deficient  condition.  Zirconium 
and  Tantalum  Carbide  were  received  with  an  excess  carbon  content, 
accounted  for  by  imcorabined  carbon. 

As  has  been  mentioned,  gradation  type  systems  have  been 
produced  on  graphite*  In  this  instance  it  was  deemed  necessary 
to  first  obtain  preliminary  data  on  the  refractory  carbides,  as 
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Rooket47ne>  A  DlT^lon  of  North  Anerican  ATl&tion>  has  had  an  abiding  interest  in 
refractory  coaposite  nateriala  for  the  past  several  years*  This  interest  arose 
as  a  natural  consequence  of  desire  for  product  inproveoent*  Most  of  the  effort^ 
however^  has  been  in  the  developaent  field*  Recently^  in  view  of  the  increasing^ 
greater  daaand  for  nw  and  inproved  materials  in  missile  technology^  a  materials 
research  section  has  been  initiated  within  the  Research  Department*  This  materials 
section  has  been  |C.aced  on  the  same  level .  and  in  the  same  enviroEBtent  as  the  other 
research  disciplines*  At  the  present  time>  a  separate  materials  research  laboratory 
is  being  constructed  and  equipped* 

Vitbin  the  materials  research  section^  a  unit  has  been  established  for  refractory 
composite  materials*  Vhile  the  function  of  this  group  is  essentially  research^ 
*®kber8  also  act  in  an  advisoiy  capacity  to  development  and  manufacturing  operations 

Refractory  coiqyjsite  areas  to  be  covered  by  this  unit  are  coatings  and  free-standing 
bodies*  The  adopted  philosophy  is  that  coaticgs  will  provide  a  more  Immediate  but 
only  temporary  solution  to  maiy  of  the  high-temperature  structural  problems*  The 
long.  r«ige  and  fi^  objective  is  to  develop  refractoiy  free-standing  composite 
bodies  for  missile  use*  “  - 

At  present,  a  cospaay  supported  research  program  on  refractoiy  ooaqwsites  is  being 
carried  on*  The  objective  of  this  program  is  to  imrcstigate  the  physico-chtfaical . 
properties  of  refractory  metals  and  ceramics,  for  the  ultimate  purpose  of  their 
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ooabinatlon  into  light  wight  or  high  8trongth*to-««ight  ratio  refractorx  coiqpoaltos. 

An  effort  vill  be  made  to  attain  this  objectlTe  by  sabdi.Tieion.  of  the  orerall  ^obl«a 
into  limited  areae  and  investigation  of  the  phenomena  involved  in  each  awa.  This 
program  vill  be  carried  oui  over  a  considerable  period  of  time  and  this  report  may 
be  considered  as  the  first  in  a  series  andy  as  a  result^  vill  be  introductory  in  nature* 

]n  iioxLenenting  this  program,  literattire  information  has  been  gathered  on  potential 
systws-  as  a  means  of  pin  pointing  the  problem  areas  involved*  Until  these  problma 
areas  are  elucidated,  selection  of  a  specific  coqposite  composition  has  been  considered 
tuouise  since  the  approach  selected  is  basic*  Predilection  for  specific  materials  wd 
an  urgency  to  make  fulfill  the  desired  need  could  obscure  the  basic  information 
sought*  Kevertheless,  consideration  must  be  given  to  the  types  of  materials  that 
vill  eventually  be  used  in  such  refractory  ccmqposltes*  As  indicated  ear-limr,  those 
vill  consist  of  the  refractory  metals  and  ceramics* 

Potential  systou,  hovever,  are  being  investigated  for  ehaaical  compatibility  and 
theoretical  predictable  mechanical  properties  such  as  strength  modulus, 
data  and  techniques  reported  in  the  literature*  This  survey  is  being  supplemented 
by  another  survey  of  methods  of  producing  fibers,  vhiskers  and  flakes  of  ceramic 
materials  to  serve  as  the  reinforcing  phase*  From  the  literature,  we  have  arrived 
at  the  conclusion  that  the  final  saLeotion  of  wterials  vill  be  in  a  large  part 
based  on  amenability  to  the  physical  processing* 

Both  vhiskers  and  flakes  are  being  considered  as  the  reinforcement*  Flakes  are 
of  interest  because  some  of  the  most  interesting  materials  dp  not  grow  into  whisker 
configuration*  The  laboratojy  program  ai,  thus  be  initiated  with  iJtvestigation 


into  ttui  parsaeters  inrolrdd  in  producing  vhiskerc  and  Hakes  of  selected  Materials^ 
e*g*  aluaiaa  and  boron  nitride.  The  whisker  growth  stuxlies  are  necessaxy  If  a 
jnrocjss  is  to  be  devised  whereby  whiskers  can  be  grown  in  usable  anounts  and  qualities. 
Methods  of  increasing  the  unLfoxnity  of  the  iriiiskers  will  also  be  detersdned.  Subsi- 
daxy  physical  processing  studies  idiich  wnst  be  carried  out  are  nethods  of  harvesting 
which  do  not  daaage  the  whiskers  and  methods  of  orienting  the  extremelj  small  fibero. 

Methods  of  flake  fermatlon  have  not  received  the  attention  in  the  literatwe  that 
methods  for  whisker  growth  have.  Applicable  methods  of  preparing  ref^aetpc^  ceraaie 
flakes  that  might  be  productive  are:  flattening  out  of  spheres  of  rofractozy  materials 
at  their  softening  or  sintering  teaperaturey  clesv^e  of  single  cxystals  by  thermal 
or  ex^dosive  shock,  thin  films  formed  by  vapor  de^sitibn,  spraying,  etc.,  and 
chemical  thinning.  The  need  for  having  a  high  ratio  of  diametw-to-thickness  consider- 
ably  complicates  the  problem.  In  any  event,  some  CuSaiot^L  method  will  probably  be 
necessary  to  remove  rough  corners  to  eliminate  stress  concentration  in  the  coqpcalted 
materials. 

Selection  of  matrix  materials  for  incorporation  with  the  reinforeement  materials  ^11 
be  investigated  frcmi  consideration  of  the  optimum  bonding  with  the  reinforcement  and 
the  refractory  nature  of  the  matrix  material.  Factors  to  be  considered  are  wetabillly, 
establishment  of  a  chemical  bond  and  stress  transfer  betveen  matrix  and  reinforcement. 
This  is  visualised  to  be  a  difficult  problem  because  of  the  possible  loss  of  strength 
of  the  reinforcement  due  to  interaction  with  the  matrix  and  the  high  temperaturs 
required  during,  the  infiltration  process. 
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S«l«otlon  and  preparation  of  the  appropriate  reinforcement  and  matrix  materials  and 
establiabment  of  tbeir  compatibility  mill  permit  formulation  of  these  materials  into 
composite  bodies  for  testing*  Major  efforts  in  this  area  mill  be  to  obtain  tv>3 
proper  orientation  and  composition  for  the  optimum  mechanical  properties  and  to 
obtain  the  proper  diswrlbutlon  and  texture  of  the  matrix  materials* 

The  final  'taslc«  In  erent  that  satlsfaetorj  solutioas  are  found  for  the  major  problems 
mentioned  aborey  mill  be  to  detemlne  the  tensile  strength  wad  elastic  modulus  of  the 
composites  at  a  number  of  temperatures  corering  the  useful  temperature  range  and  in 
the  enrlronment  in  vhich  the  composites  vUl  be  expected  to  function* 

Im  conclusion^  it  may  be  obserred  that  this  program  is  Texy  aabltlous*  A  good 
probabili-ty  exists  that  no  clear  ansvers  can  be  obtained  for  som  of  the  problems 
brought  out*  The  need  for  high-strength  refractory  eomposi'Us>  hovoTer^  is  great 
and  any  significant  step  forward  will  ewentually  lead  to  moxm  efficient  rocket 
propulsion  systems* 
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PYROLYTIC  BORON  NITRIDE  COATINGS 
Pyrolytically-formed  compounds  with  high  melting  points,  resis¬ 
tance  to  oxidation,  and  anisotropic  in  properties  are  potential  materials 
as  coatings  for  easily  oxidizable  metals  and  nonmetals. 

The  work  described  in  this  paper  has  been  directed  toward 
the  preparation  of  pyrolytic  boron  nitride  coatings  on  graphite  and 
on  tungsten. 

A  compound  that  has  especially  attractive  possibilities  for 
the  synthesis  of  pyrolytic  boron  nitride  by  gas-phase  themal  decomposi¬ 
tion  is  borazole,  a  6-membered  ring  structure,  which  is  an 
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analogue  of  benzene.  As  the  cost  of  borazole  is  prohibitive  and 
since  the  compound  suffers  from  the  disadvantage  of  instability  toward 
polymerization  when  stored  at  room  temperature,  we  used  trichloroborazole 
(TCB)  as  a  source  material  in  a  vacuum  system  designed  so  that  the 
TCB  vapor  would  be  impinged  on  an  inductively  heated  susceptor. 

Initial  experiments  served  to  determine  proper  circumstances 
for  satisfactory  deposition.  They  essentially  summarize  to  the  use  of 
a  flow  rate  given  by  warming  the  TCB  sample  to  45°  C  and  pumping  its 
vapor  past  the  graphite  susceptor  maintained  at  1500-1800°  C  in  a 
scrupulously  air-tight  system.  A  photograph  of  typical  products 
obtained  as  deposits  on  AGSR  graphite  is  shown  in  Figure  1.  Although 
the  products  shown  here  are  virtually  white  in  color,  other  runs  have 
given  material  of  varying  shades  of  yellow  and  brown,  when  small 
amounts  of  impurities  are  present. 

The  effect  of  the  susceptor  material  has  been  considered 


briefly.  It  was  of  interest  to  determine  whether  a  highly  polished 
'  .aphite  susceptor  would  alter  the  structure  of  the  deposit  and  no 
apparent  difference  was  found.  A  tungsten  susceptor  was  employed  to 


eliminate  any  possibility  of  codeposition  of  pyrolytic  graphite  together 
with  pyrolytic  boron  nitride,  such  as  was  felt  might  occur.  Adherence 
of  the  deposit  was  greatly  inferior  on  the  tungsten  to  that  on  the 
graphite  substrate.  However,  photomicrographs  of  cross-sections  still 
showed  the  columnar,  conical  formations  characteristic  of  pyrolytic 
boron  nitride.  Also,  X-ray  fluorescence  and  diffraction  analysis  gave 
no  indication  of  the  formation  of  tungsten  boride  or  nitride  in  the 
bulk  of  the  deposit. 

Attempts  have  been  made  to  heat  hot-pressed  boron  nitride 
inductively  at  very  high  frequencies  as  a  possible  susceptor  material. 

An  induction  heater  operating  at  120  megacycles  was  used  without  success. 

In  a  series  of  experiments  designed  to  determine  the  maximum 
practical  rate  of  deposition  of  pyrolytic  boron  nitride,  it  was  found 
that  increasing  the  temperature  of  the  vapor  generator  to  70*  C, 
corresponding  to  a  trichloroborazole  vapor  pressure  of  about  6  mm. , 
gave  a  deposition  rate  or  about  25  mils  per  hour. 

Considerable  work  has  been  done  on  determining  the  structure 
of  the  pyrolytic  boron  nitride  deposit.  This  material,  in  polished 
cross-section,  displays  the  cone-shaped  columnar  structure  that  is 
characteristic  of  pyrolytic  graphite.  Photomicrographs  of  pyrolytic 
boron  nitride  deposited  on  pyrolytic  graphite  are  shown  in  Figures  2  and  3. 

Preliminary  tests  have  shown  that  pyrolytic  boron  nitride 
coatings  have  considerably  better  oxidation  resistance  than  pyrolytic 
graphite  coatings  at  all  temperatures  up  to  1800®  C. 

The  work  siunmarized  in  this  report  was  carried  out  under 
Contract  No.  NOw  60-0277 (FBM)  with  the  Bureau  of  Naval  Weapons. 
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1.  imOIXJCTION 

Refractory  composite  investigations  at  McDonnell  Aircraft  have  "been 
primarily  directed  toward  hypersonic  glide  re-entry  vehicle  applications. 
This  involves  areas  eierodynamically  heated  to  2500  to  4400®F  with  relatively 
long  time  exposures  and  oxidizing  conditions.  The  composites  discussed 
utilize  essentially  existing  materials,  however,  these  materials  are  applied 
in  a  manner  which  minimizes  the  shortcomings  of  a  material  and^provides  a 
reliable  state-of-the-art  conposite. 

2.  GRAPHITE-ZIRGONIUM  OXIDE  COMPOSHE  NOSE  CAP 


The  object  of  this  investigation  was  to  provide  a  passive,  radiation  cooled,* 
reusable  nose  cap  capable  of  relatively  long  time  operation  in  air  at  stag¬ 
nation  point  tempejratures  of  4200®F.  The  three  primary  approaches  taken 
were:  (a)  thin  shelled  cerand.cs,  (b)  ceramic  filled  metal  honeycomb  and 
(c)  small  ceramic  elements  in  a  graphite  retainer. 

Initial  plasma  jet  tests  of  the  various  materials  and  cc»ppsltes  are  listed 
in  Figure  1.  The  maximum  predicted  flight  temperature  as  listed  in  Figure  1 
varies  with  material,  because,  for  a  given  heat  input,  material  temperature 
is  a  function  of  t^e  thermal  properties  of  the  material;  primarily  emlsslvlty 
and  thermal  conductivity. 


Only  ceramic  materials  such  as  silicon  carbide,  silicon  carbide  bonded  graphite 
and  siliconized  graphite  were  considered  for  the  thin  shell  approach  because 
of  the  requirement  for  very  good  thermal  shock  resistance.  Althou^  this 
family  of  materials  would  attain  the  lowest  temperature  for  a  given  heat 
input,  the  temperatures  are  sufficiently  hi^  to  cause  appreciable  strength 
reduction  and/or  oxidation.  However,  the  specimens  tested  did  not  oxidize 
appreciably  even  though  the  plasma  jet  was  IOO56  air  stabilized.  This  is 
contrary  to  other  data,  therefore,  we  believe  oxidation  was  somewhat  retarded 
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in  t.his  test  series.  Plasma  is  a  complex  environment,  particularly 
when  cOTitandnation  is  present  from  the  plasma  jet  electrodes  and  nozzle. 

Limited  investigation  and  testing  of  ceramic  filled  hon^comb  did  not  provide 
promising  results.  The  tantalum  and  columbium  honeycomb  was  not  specially 
coated  for  oxidation  protection,  but  only  surrounded  with  tiie  ceramic 
filler  material.  The  zirconia  and  thoria-silica  filler  materials  offered 
very  little  oxidation  protection  and  in  one  case  the  columbium  appeared 
to  autoignite.  Although  existing  oxidation  protective  coatings  for  refractory 
metals  are  not  normally  useful  at  U200°Pj  their  enployment  together  with  a 
filler  material  may  be  helpfttL. 

The  third  approach  utilizes  adjacent,  small  diameter,  oxide  ceramic  elements 
in  a  graphite  retainer.  By  utilizing  the  oxide  ceramic  materials  as  individual 
small,  elements,  the  thermal  shock  problems  normally  associated  with  the  re¬ 
fractory  oxide  ceramics  are  greatly  alleviated.  Of  course,  the  oxide  ceramics 
are  very  desirable  for  use  at  the  high  temperatures  due  to  their  excellent 
chemical  stability.  The  primary  oxide  ceramic  Investigated  was  a  course 
grained,  porous,  partially  stabilized  zirconium  oxide.  This  material  proved 
to  be  very  thermal  shock  resistant  as  ho  failures  resulted  during  any  of 
the  testing.  One-quarter  inch  diameter  free  standing  rods  and  tubes,  both 
clustered  and  individually,  were  tested.  Also,  two  one-inch  diameter  solid 
spheres  were  tested  at  the  normal  heating  rate  of  Ul;°F/second,  One  sphere 
was  coated  with  flame  sprayed  molybdenum  to  determine  if  this  would  iii5)rove 
thermal  shock  resistance  by  distributing  the  heat  more  uniformly  over  the 
surface  and,  to  a  degree,  provide  short  time  surface  temperature  control 
due  to  oxidation.  However,  neither  sphere  failed  from  thermal  shock,  A  free 
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standing  l/4"  diameter  rod  of  magnesium  oxide,  a  thermal  shock  sensitive 
material,  was  successfully  heated  at  a  rate  of  44°F/second  which  .substantiates 
le  shock  resistance  of  small  elements.  Also,  a  free  standing  l/4"  diameter 
zirconia  rod  was  heated  at  a  rate  of  44o^/second  to  4500*^,  cooled  and 
reheated  without  failure. 

This  small  ceramic  element  approach  gave  the  most  promising  results,  therefore, 
a  3  1/4”  diameter  model,  pictured  in  Figure  2,  was  assembled  and  tested.  The 
model,  idiich  contains  sixty- two  1/4”  diameter  zirconia  rods,  has  been  heated  to 
a  temperature  above  4l00°F  and  cooled  in  still  air  three  times  without  any  failure . 

A  protective  coating  was  not  applied  to  the  graphite,  therefore,  some  oxidation  took 
place. 

A  very  important  consideration  in  a  radiation  cooled  composite  is  emissivity. 

Th-i  high  temperature  emissivity  of  the  refractory  oxice  ceramics  is  moderate 
to  low;  therefore,  an  attempt  was  made  to  increase  emissivity.  Cobalt  oxide, 
sometimes  applied  as  the  nitrate,  was  selected  as  a  promising  material  for 
increasing  emissivity.  Althou^  cobalt  oxide  has  a  relatively  low  melting  point, 
when  in  combination  with  large  percentages  of  zirconia,  a  f«drly  high  liquidus 
temperature  can  be  obtained.  Susequent  hi^  temperature  measurement  of  the  emissivity 
of  cobalt  oxide  containing  materials  has  not  shown  this  material  to  be  as  promising 
as  originally  contemplated. 

Initial  investigation  of  ways  to  increase  the  temperature  resistance  of  silicon¬ 
ized  graphite  was  accomplished.  Although  additional  investigation  is  required, 
flame  spraying  the  siliconized  surface  with  zirconia  appears  most  promising. 


The  zirconia  apparently  stabilizes  the  silica  protective  layer  that  is.  formed 


upon  oxidation  of  the  siliconized  graphite.  Thus,  a  more  refractory  zirconium 
silicate  glass-zirconia  coating  is  formed.  An  undesirable  result  of  the 
application  of  zirconia  is  the  emissivity  reduction. 


A  typical  nose  cap  utilizing  the  zirconia  rods  or  tubes  in  a  graphite 
retainer  is  shown  in  Figure  3 .  The  stable  oxide  ceramic  material  in*  a  thermal 
shock  resistant  configuration  is  used  at  the  hottest  portions  of  the  nose 
cap.  The  graphite  retadner  has  good  thermal  shock  resistance  and  a  good 
high  temperature  strength  to  vei^t  ratio.  The  materials  and  design  are 
within  the  current  state-of-the-art  and  the  composite  appears  to  have  good 
reliability.  The  design  also  facilitates  instrumentation  which  may  be  an 
important  part  of  a  nose  cap.  A  surface  roughness  results  f;rom  the  rods  or  tubes 
however,  an  initial  look  at  this  problem  indicates  that  this  surface  condition 
is  satisfactory. 

This  basic  concept  may  be  altered  in  numerous  ways  to  include  radial  placanent 
of  the  ceramic  elements  or  filling  the  interstices  between  ceramic  elements 
with  a  ceramic  cement  or  slurry  to  provide  a  smooth  surface.  Radial  placement 
may  require  machining  of  the  ceramic  elements  which  is  difficult,  but  has  been 
successfully  accomplished  on  the  zirconia  material.  More  refractory  ceramic, 
elements  and  elements  of  different  size  and  geometry  may  be  substituted  for  the 
1/4"  diameter  zirconia  rods  or  tubes. 

3.  EXTERNAL  THERMAL  IHSUIATION  FOR  SKIN  PAHEIg 

A  most  critical  problem  for  any  vehicle  ^diich  encounters  3000  to  ^!000°F 
temperatures  is  the  '’^sign  of  the  hot  skin  panels.  This  temperature  range  is 
currently  beyond  the  reliable  employment  of  structural  refractory  metals, 
therefore,  a  method  of  applying  efficient  external  thermal  insulation  was 
investigated. 

One  approeich  to  this  problem  is  to  use  ai  oxide  ceramic  as  the  outer  covering 
with  efficient  thermal  insulation  between  the  outer  ceramic  covering  and 


the  metal  structure.  The  ceramic  outer  covering  is  attached  to  the  structural 
substrate  by  a  coated  refractory  metal  wire  mesh. .  Figure  4  shows  a  typical 
composite  panel. 

An  oxide  ceramic  material  is  very  desirable  for  the  outer  covering’  due  to  the 
high  temperature  chemical  stability,  refractoriness  and  insulating  value  of 
this  family  of  materials.  However,  the  thermal  shock  and  attachment  difficulties 
must  be  overcome  for  effective  incorporation  into  a  composite.  In  this  approach, 
themed  shock  is  minimized  by  dividing  the  ceramic  into  thin  tiles  with  the 
dimensions  being  controlled  primarily  by  the  expansion  coefficient  of  the 
ceramic  material.  The  rei^tant  expansion  joints  would  be  a  requirement  in 
almost  any  case  due  to  the  large  differential  growth  between  the  outer  surface 
and  structural  substrate  when  a  large  themal  gradient  is,  maintained  across 
the  section.  The  ejqpansion  joints  can  be  sized  so  that  the  joint  is  closed  at 
the  maximum  temperature.  The  problem  of  attachment  is  solved  by  using  the  ceramic 
mateilal  in  a  cement  (chemical  or  colloidal  bonded)  and/or  flame  sprayed  condition-i 
Thus  the  ceramic  is  primarily  mechanically  trapped  by  the  refractory  metal. mesh. 

Of  course,  all  processing,  particularly  elevated  temperature  curing,  must  be 
compatible  with  the  other  materials  which  make  up  the  composite.  Aluminum 
phosphate  and  zirconium  phosphate  based  materials  have  shown  promise  as  the  outer 
covering . 

The  coated  refractory  metal  mesh  serves  to  reinforce  and  hold  the  outer  ceramic 

shell,  contain  the  thermeO.  insulation  and  transfer  air  loads  to  the  structural 

substrate,  This  refractory  metal  mesh  will  attain  a  temperature  approximately 
equal  to  the  external  surface  temperature  except  for  very  transient  heating 

conditions .  However,  because  the  mesh  is  surrounded  by  the  ceramic  material. 
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the  metal  is  not  exposed  to  as  severe  an  environment  as  if  it  were  the  external 
surface.  Also,  the  mesh  is  not  structural  and  limited  isolated  oxidation  would 
■not  result  in  failure  of  the  composite.  The  mesh  may  he  attached  to  the 
structural  substrate  mechanically  or  metallurgically,  the  latter  being  preferred. 
Tantalum  alloys  have  shown  promise  as  a  mesh  material; 

The  thermal  insulation  material  is  a  very  important  part  of  the  composite  and 
will  have  primary  influence  in  determining  the  wei^t  efficiency  of  this  composite. 
The  more  refractory  fibers  such  as  zircon  and  zirconia  and  mixed  powders  are 
primary  candidates.  Due  to  the  large  amottnt  of  radiant  heat  transfer  at  hi^ 
temperatures,  very  small  pores  and  the  incorporation  of  radiation  suppressing 
materials  is  very  desirable.  Small  pores,  of  course,  are  also  important  for 
minimizing  heat  transfer  by  air  conduction  which  can  be  particularly  effective 
at  reduced  pressures.  Dependent  upon  the  location  of  the  panel  on  the  vehicle, 
a  substantial  amount  of  heat  may  be  radiated  from  the  interior  panel  surface  to 
cooler  portions  of  the  vehicle,  -^erefore,  enabling  a  substantial  thermal  gradient 
between  outer  surfaces  and  structural  substrate. 

The  metal  substrate  carries  the  primary  loads  and  may  be  of  any  efficient 
structural  design.  The  material  may  be  either  refractory  metal  or  super  alloy. 

Figure  5  shows  an  assembled  test  specimen  before  and  during  test.  This  specimen 
was  constructed  to  obtain  additional  information  concerning  this  insulation 
concept.  The  ceramic  outer  facing  is  aliiminum  phosphate  bonded  aluminum 
oxide  cast  in  place  and  cured  at  800°F'.  The  metal  reinforcement  is  25  mesh, 

.069"  wire  diameter  stainless  steel  screen  resistance  welded  to  the  stainless 
steel  single  faced  corrugation  structural  substrate.  The  thermal  insulating 
material  is  Fiberfrax.  This  specimen  was  rapidly  heated  with  radiant  lamps  to 
a  surface  temperature  of  24pO°F,  cooled  and  reheated  without  any  detrimenteil 


effects,. 


Page  7 


Evaluations  to  date  indicate  that  this  approach  to  panel  insulation  is  valid, 
however,  additional  development  and  testing  is  required.  The  ceramic  cements, 
althou^  readily  utilized, suffer  from  sintering  shrinkage  at  very  high  tempera¬ 
tures  and  the  phosphate  bonded  materials  are  somewhat  corrosive.  At  temperatures 
above  3200°F,  oxidation  protection  of  the  refractory  metal  mesh  is  a  probleiuj 
particularly  ’cjcause  of  the  limited  allowable  assembly  sequences.  Steps  to 
minimize  weight  and  the  determination  of  surface  roughness  effects  due  to  the 
expansion  joints  must  also  be  undertaken. 


DEVELOPMENT  OF  WHISKER  -  REINFORCED 
IvlETALLIC  COMPOSITES 


W.  SUTTON 


General  Electric  Company 
Philadelphia,  Pennsylvania 


DEVELOPMENT  OF  WHISKER  -  REINFORCED 
METALLIC  COMPOSITES 


Although  metals  reinforced  with  whiskers,  or  filamentary  single 
crystals,  are  laboratory  curiosities  at  the  present  time,  they  offer  a  new 
approach  to  the  development  of  ultra  high-strength,  refractory  materials. 
During  the  past  year,  a  study  has  been  conducted  at  the  Space  Sciences 
Laboratory  of  the  General  Electric  Company,  under  fLe  sponsorship  of 
the  United  States  Navy,  Bureau  of  Weapons  (Contract  NOw  60-0465  d) 
in  order  to  investigate  the  feasibility  of  whisker  reinforcement.  Sapphire 
(  c  -  Al  O  )  whiskers  were  selected  because  of  their  refractoriness,  . 
chemical  compatability  with  metals  at  elevated  temperatures,  and  because 
they  retain  a  considerable  portion  of  their  strength  at  temperatures  near 
their  meltin;.  point  (3750°F).  Individual  tensile  tests  at  room  temperature 
have  revealed  fracture  strengths  as  high  as  1,400,000  psi. 

The  program  was  divided  into  three  areas  of  investigation: 

1.  Whisker  growth 

2.  Structural  Analyses 

3.  Composite  Fabrication 


WHISKER  GROWTH 


Sapphire  Whiskers  can  be  grown  by  a  vapor  deposition  process, 
whereby  molten  aluminum,  heated  in  a  ceramic  boat  at  Z500°F  in  a  hydrogen 
atmosphere,  is  volatilized.  Traces  of  moisture  provide  the  oxygen 
necessary  to  oxidize  the  aluminum  vapor,  which  then  deposits  on  the  upper 
surfaces  of  the  boat.  Growth  occurs  very  rapidly  along  one  prominent 
direction,  so  that  needle -li’  '  crystals  result.  Growth  parameters,  such 
as  temperature,  time, dew  point,  substrate  material,  and  hydrogen  flow 
rate,  have  been  investigated. 

In  more  recent  studies,  sapphire  whiskers  have  been  grown  during 
periods  as  short  as  10  minutes.  At  the  present  time,  whiskers  are  being 
grown  in  batches  weighing  about  a  gram.  However,  the  feasibility  for 
continuously  growing  whiskers  looks  promising  and  a  study  for  establishing 
a  continuous  process  is  underway. 

STRUCTURAL  ANALYSES 

Theoretical  studies  were  conducted  in  order  to  assess  the  various 
parameters  affecting  the  strength  of  a  composite  reinforced  with  parallel, 
discontinuous  (short)  fibers.  Calculations  of  stresses  arising  from  an 
applied  axial  load  showed  that  the  stress  disturbances,  near  the  whisker 
are  local  and  particularly  that  the  shear  stress  between  the  whisker 
and  matrix  is  apt  to  rise  to  a  high  peak  value  at  these  discontinuities. 

The  strength  of  composite  consisting  of  F-48  alloy  (15W-5Mo- 

1  Zr-79  Cb)  reinforced  50  ''/o  Al^O^  whiskers  was  calculated.  It  was 
*'^/o  =  volume  percent 
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assumed  that  the  two  phases  elongated  equally  and  that  each  contributed 
to  the  composite  strength  proportionate  to  their  concentration. 

Modifications  were  also  made  based  on  statistical  deviations  of  individual 
whisker  strengths  and  orientation.  Figured  shows  the  results  of  these 
calculations  and  indicates  the  improvement  in  strength-to -density  ratio 
(  o/p  ,  in  inches)  at  various  temperatures  of  alloy  F-48  reinforced 
with  whiskers. 

COMPOSITE  FABRICATION 

Techniques  for  fabricating  composites  were  investigated;  most  of 
the  emphasis  was  placed  on  vacuum  injection  of  molten  metal  into  a 
whisker  bundle  contained  in  a  mold.  Problems  of  the  wetting,  bonding, 
porosity,  and  occluded  gases  were  studied  extensively.  Aluminum  and 
aluminum  alloys  were  used  for  preliminary  vacuum  impregnation  studies. 
Improvements  of  Z00%  in  the  yield  strength  were  achieved  whisker 
reinforcement,  but  these  values  were  short  of  the  improvements  expected. 

The  cross  section  of  an  aluminum  tensile  specimen  reinforced  with 
a  -  -^-1203  whiskers,  is  shown  in  Figure  1.  The  ends  of  'a'  type  (retangular) 
and  'c‘  type  (hexagonal  cross-section)  whiskers  can  be  seen.  Composites 
of  silver  similarly  reinforced  showed  much  greater  improvements  in 
strength.  One  sample  containing  1Z.5  ^/o  whiskers  exhibited  a  five-fold 
improvement  (118,000  psi  ultimate  tensile  strength)  over  that  of  the 
unreinforced  specimens. 
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Future  work  will  be  directed  towards  the  reinforcement  of  more 


refractory  metals /alloys,  and  an  investigation  of  their  properties  at 
elevated  temperatures  will  be  conducted. 

Legend 

Figure  1  -  Photomicrograph  of  Aluminum  -  Al^O^  Whisker  Composites. 

Cross  Sectional  View  of  tensile  specimen  showing  ends  of  'c’ 
and  'a'  type  whiskers.  (Magnification  750X} 

Figure  2  -  Strength-to-Density  Ratio  (a/p  )  at  various  temperatures  for 
F-48  Alloy  Unreinforced  and  Reinforced  with  AI2O2  whiskers 


rr^. 


STREN6TH-T0-DENSITY  RATIO  FOR  F-48  ALLO'i’ 
UNREINFORCED  AND  REINFORCED  WITH  Al  2O3  WHISKERS 


TEMPERATURE  (^F) 

Figure  2 


Value  Engineering  Company  is  engaged  in  the  deposition  of  ceramic  -metal 
compositions  from  aqueous  solutions  by  fairly  conventional  techniques.  The 
program  presently  includes  coating  on  the  refractory  metals  and  graphite  with 
any  of  the  following  ceramics  in  a  chromium  matrix: 


Tantalum  Carbide 
Tantalum  Boride 
Hafnium  Boride 
Niobium  Carbide 
Hafnium  Carbide 
Boron  Nitride 


Silicon  Nitride 
Silicon  Carbide 
Zirconium  Boride 

Zirconium  Boride  plus  Molybdenum  Silicide 
Zirconium  Oxide 
Tungsten  Boride 


The  program-  'hus  far  is  restricted  to  systems  utilizing  the  chromium  matrix 
due  to  its  relatively  high  melting  point  and  economical  availability.  However, 
if  higher  melting  matrix  materials  are  desired,  rhodium,  rhenium  or  iridium 
could  be  used. 

The  advantages  of  using  aqueous  electrodeposition  are  that  control  of  the 
solutions  is  relatively  easy;  thicknesc  can  be  controlled  to  better  than  .  001 
inches;  the  process  is  adaptable  to  any  shape  nozzle;  and  the  choice  of 
compositions  available  for  use  in  this  proce'^.s  are  numerous.  Another 
advantage  is  that  no- machining  or  mechanical  processing  seems  necessary  on 
the  deposited  coating. 

The  present  Navy  sponsored  research  effort  is  concentrating  on  the  following 
specific  areas  utilizing  graphite  as  the  substrate: 

1.  Effect  of  various  thickness  on  performance  (.003  to  .050  inches) 

2.  Effect  and  uniformity  of  particle  shape  and  size. 

3.  Effect  of  heat  treatment  on  electrodeposited  cermet  coatings. 

4.  Effect  of  particle  concentration  in  final  coating. 


Another  portion  of  the  overall  program  which  is  under  Army  sponsorship 
consists  of  coating  small  metal  nozzles  and  test  firing  some  of  them  in  the 
VECO  test  rocket  motor  and  some  of  them  at  the  Army  Rocket  and  Guided 
Missile  Agency  sta:tic  firing  facility  in  Huntsville,  Alabania. 

This  program  will  prove  the  cpmparibility  of  results  from  two  types  of  test 
facility  and  will  also  serve  to  furnish  more  t.est  data  on  the  electrodeposited 
.coating. 


Several  static  firings  of  the  chromiurh  and  zirconium  boride  coating 
(Vale oat  12)  have  been  made. 

The  results  of  these  firings  have  shown  that  this  coating  is  effective  in 
greatly  reducing  erosion  on  the  inside  surface  of  nozzles. 

It  is  felt  that  the  Valcoat  12  is  the  best  available  coating  today.  However, 
with  different  propellants  perhaps  other  compositions  will  perform  better. 

It  is  anticipated  that  several  of  the  other  combinations  of  metal  and  ceramic 
which  are  under  investigation  will  also  be  successfully  adapted  to  rocket 
nozzles. 

TESTING 

A  standard  test  was  sought  wherein  actual  rocket  flame  chemistry  and 
thermodynamic  conditions  could  be  approximated  in  the  laboratory  on  a 
continuous  basis. 

As  a  result  of  a  comprehensive  evaluation  of  all  methods  used  for  high 
temperature  materials  evaluation,  it  was  decided  that  a  rocket  engine  utilizing 
hydrogen  and  oxygen  gas  for  a  fuel  could  produce  the  appropriate  thermo- 
chemical  parameters  for  direct  correlation  with  actual  firing. 

On  complete  examination  of  the  actual  rocker  environments,  it  was  agreed 
that  the  "sand-blast"  effect  of  solid  propellants  must  be  also  available  in 
this  test  rocket  motor.  Therefore,  a  special  device  was  designed  to  insert 
solid  particles  at  a  controlled  and  continuous  irate  throughout  the  lengths  of  the 
firing  time. 

From.a  thermochemicai  analysis  of  the  propellant  system  in  this  test  motor, 
the  required  chamber  pressure,  the  chamber  temperature,  mean  molecular 
weight  .i  exhaust  gases,  the  ideal  specific  impulse,  and  the  specific  heat  ratio 
can  be  found. 

An  appendix  to  this  paper  gives  the  necessary  calculations  for  obtaining  the 
data  necessary  for  correlation  of  the  test  motor  results  with  actual  rocket 
motor  parameters. 
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SPECIFICATIONS 

Propellant 
Flame  Temperature 
Chamber  Pressure 
Flame  Chemistry- 
Thrust 

Nozzle  Throat  Diameter 
Firing  Time 


Hydrogen  and  Oxygen  Gas 
(Variable)  5740  F  MAX. 
(Variable)  300  -  500  psi 
(Variable)  Oxidizing  or  Reducing 
150  psi 
.  600  inches 

(Variable)  60  seconds  Max. 


The  test  motor  is  completely  instrumented  to  record  14  parameters  during 
the  entire  firing  time.  The  entire  system  is  operated  by  one  experienced 
rocket  propulsion  engineer  who  can  view  the  entire  test  by  instrumented  or 
visual  methods. 

The  cost  of  making  a  60  second  instrvunented  firing  and  interpreting  the  data 
coming  from  the  recorders  is  approximately  $100.  00. 

Other  tests  such  as  hardness,  chemical  analysis,  metallographic  and  thermal 
shock  tests  are  used  in  conjunction  with  the  rocket  motor  to  enable  us  to  have 
a  fairly  complete  understanding  of  the  materials  under  investigation. 

Other  portions  of  VECO's  test  program  are  engaged  in  developing  the  techniques 
for  measuring  the  physical  properties  of  coatings  or  solid  bodies.  The 
particular  pronerties  presently  being  sought  are  thermal  conductivity. 

Other  studies  are  going  on  to  develop  methods  for  determining  accurately  the 
erosion  rate  and  spew-fic  heat  of  both  coatings  and  solid  nozzle  bodies. 

SUMMARY 

>■  .  I 

As  a  result  of  the  program  which  has  been  conducted  in  the  past  year  Value 
Engineering  Company  considers  that  the  cermet  electrodeposited  coatings  have 
progressed  to  the  point  where  it  is  necessary  to  conduct  realistic  laboratory 
tests  to  get  a  further  indication  as  to  its  adaptability  to  the  rocket  motors. 

It  is  felt  that  by  use  of  the  test  rocket  motor  constructed  by  VECO  and  with 
data  obtained  from  large  motors,  it  will  be  possible  to  understand  far  more 
than  has  ever  been  known  before  on  the  relationship  between  these  two  results. 

We  feel  that  the  program  is  proceeding  at  a  rapid  and  satisfactory  rate. 

Also  since  the  nuinber  of  promising  metal -cera.mic  cornbinations  yet  to  be 
investigated  are  so  numerous  that  it  is  felt  that  no  barrier  to  this  novel  and 
complete  approach  is  in  sight. 


APPENDIX 


It  is  believed  that  the  following  data  is  a  complete  treatment  of  the  factors 
necessary  to  compare  laboratory  test  results  with  actual  rocket  motor 
firings. 

Theoretical  Evaluation  of  a  Gaseous  H^-  Rocket  Chamber. 

A  complete  step  by  step  sample  calculation  in  computing  temperature,  the 
equilibrium  gas  composition  of  the  reaction  products,  and  the  theoretical 
performance  of  the  H--  rocket  motor  in  use  at  Value  Engineering 
Company  is  given  in  tnis  paper. 


Calculations  for  various  O^/H-  ratios  and  for  various  motor  specifications 
were  conducted  in  conformity  with  the  method  described  by  G.  Sutton  in 
"Rocket  Propulsion  Elements.  "  This  paper  covers  the  calculations  for  a 
H--0_  rocket  motor  with  the  following  specifications: 

w  Ct 


Propellant 
Mixture  Ratio 

Chamber  Pressure 
Atm.  Pressure 
Thrust 


(gas)  Hydrogen  and  Oxygen 
Oj/.H2=2.75 

300  psia 
14.  7  psia 
100  lbs. 


The  chamber  was  designed  for  a  cylindrical  combustion  chamber,  helically 
wound  cooling  duct,  and  water  as  coolant. 


Thermochemical  Analysis. 

A  general  equation  taking  into  consideration  all  the  resulting  elements  of  a  gaseous 
H^-O^  reaction  is 


N 


N 


NrH 


Hydrogen  peroxide  and  ozone  are  not  likely  to  occur  at  the  conditions 
under  which  the  chamber  operates. 


From  the  given  data  the  molar  proportions  for  the  reactions  can  be  determined 
by  selecting  an  arbitrary  basis  of  the  weight  involved  in  the  reaction.  By  using 
an  arbitrary  weight  of  20  lbs.  we  have 

©2  =  2.75  H2 
^2  =  lbs  =  5.  333  lbs 

(D 


O2/H2  =  2.  75 
©2  +  H2  =  20  lbs. 


O  =  20-  20 
^  3.75 

N*  ^  5.333  _ 


14.667  lbs. 


2.645 


=  14.667  _ 


>1  CO 


Dissociation 


The  effect  of  dissociation  for 

H^O— ►l/Z  +  OH 

is  now  taken  into  consideration  by  letting  y  be  the  number  of  moles  dis¬ 
sociated  per  mole  of  H2O.  Then 


(1-y)  H^o- 


+  y  O  H. 


The  total  number  of  moles  dissociated  will  then  be 


Sn.  = 

The  partial  pressure  will  be 


^6h  "  1-y  +_J[_  +  y  =  1  +  _^  . 

^”2  2 


N. 

P  =  p  i 

i  "'tvt"  '  where  P  in  our  case  =  300'  =  20.  4  atm., 

^  i  14.7 


thus  using  P  =  20.4  atm. 


P  =  20.4  1-y  =  40.8  (1-y) 

"2^  2+y  2“+  y 

2 


=  20.4 


=  20.4 


PqH  =  20.4 


=  40.8 


and  the  constant  -pressure  equilibrium  constant  is 

=  (Pqj^)  (Ppj  )  ^^2  =  4.517  y  Vy  =  20.4  y^  ox  =  20.4  y^ 

(Pj^  Q  )  (1-y)  v'2+y  _  2-3y+y2_  2-3y +y 

"2* 


The  effect  of  dissociation  for 
2H 

is  likewise  taken  into  consideration  by  letting (  x)  be  the  moles  dissociated 
per  mole  of  H^.  Then: 

(1-x)  — ►2(x)  H 

the  total  number  of  moles  is  TN.  = 

1  H 

yN.  =  l-x+2x=  1  +  x. 


and  the  partial  pressure 


P  N.  where  again  P  =  20.4  atm. 

20.4  X 

1+x 

P„  _  20.4  2x  . 

^  1+x 

The  constant-pressure  equilibrium  constant  is  then,  by  definition, 


N 

=  [20.4(2)  x]^ 

fl  + 

A  = 

81. 6  X 

20,4 

X 

1  +  X  ‘ 

Determination  of  the  Approximate  Reaction  Temperature 

In  order  to  find  the  dissociation  in  terms  of  (x)  and  (y)  we  must  employ  a  value 
for  the  equilibrium  constant,  K^,  which  is  correct  for  the  reactive  tempera¬ 
ture  under  consideration.  Thus  two  avenues  of  approach  are  open.  (1)  The 
reaction  temperature  is  assumed,  or  (2)  a  slightly  higher  than  actual  temp¬ 
erature  is  calculated  by  neglecting  the  dissociation  reactions  taking  place  in 
the  reaction  chamber. 

The  reaction-equation  for  a  dissociation  free  H^-O^  reaction  is 

2.645  H2+  .458O2 - ►.916  H^O  +  1.729 

The  theoretical  (adiabatic)  flame  temperature  is  then  calculated  using  the 
heat  of  reactions  and  the  enthalpy  change  of  the  gases. 


[®r]  =  £[>1  (Qj)  product]  -  £ 

n  (Q^)  reactantsj 

]  = 

where  .p  is  the  heat  of  reaction  of  the  propellant  combination  at  the 

reference  temperature  (C^  dT  is  the  enthalpy  change  necessary  to 

heat  one  mole  of  each  gas  product  from  T^  to  T;  is  the  specific  heat  in 

Btu/lb  mole  °R;  and  T^  is  the  reference  temperature,.  77°F  =  537°R.  The 

heat  of  reaction  of  the  propellant  combination  (oxidizer  and  fuel)  will  now  be 
determined  and  equated  to  the  enthalpy  gain  of  the  product  gases. 

A  temperature,  T,  is  assumed,  and  if  the  change  in  the  enthalpy  of  the  product, 
Z^,  equals  the  heat  of  reaction  of  the  reactant,  Q„,  the  assvimed  reaction  temp- 

erature  is  the  correct  one.  If  Ah  <  Q„ ,  the  assumed  temperature  is  too  low. 

XV 

Let  us  assume  T  =  4702  R 

T  =  4242  F. 


Heat  of  Reaction 


Gas 

n 

^F 

nQ^ 

..916 

104, 042 

95,302.47 

«2 

1.729 

0 

0 

O2 

0 

0 

0 

Heat  of 

Reaction 

^R  "" 

95,  302.  47/Btu/20  lb.  prop. 

Gas 

n 

Enthalpy  Gain 
fT 

J  dT  Enthalpy 

H^O 

.916 

44, 357 

40,631 

^2 

1.729 

31,654 

54,729 

Ah  = 

Enthalpy  gain  of  product  gases  = 

95,360  Btu/20  lbs.  prop. 

Since  Ah  «  Q 

lx. 

a  temperature  of  4242 °F  = 

4702°R  can  be  safely  assumed. 

Since  the  adiabatic  combustion  temperature  is  lower  when  dissociation  taKes 
place,  a  value  lower  than  4242  F  will  be  used  in  determining  the  values  of  K 

U.‘sing  a  temperature  value  of  4180°F  the  values  of  Kp  are 

for 

H^O— ►1/2H^  +  OH 

^  4130°F  "  7  X  10  ^ 

and 

P 

=  2.0.4  y^  = 

Z-3y  •{-  y  -3 

49  X  10"^ 

3 

y 

=  49  X  10"^  = 

^  2.4x10"^ 

20.4 

y 

=  .0135 

(1-y) 

H2O  = 

1  y  H  +  y 

2 

OH 

.916  (1- 

■y)  H.,0  =  .916 

y  H-  +  .  916  y  OH 

H^O  = 

^  2 

(.  916)  (1-  .  0135) 

L  * 

=-  .9036 

^2  = 

(.916)  (.0135)  (.  5)  =  .0062 

OH  = 

(.916)  (.0135) 

=  .0124. 

OH 


.0124. 


Sincej  for  this  particular  ratio,  the  amount  of  hydrogen  dissociated 
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(H_— •'2H)  is  of  the  order  of  10  j  this  amount  is  disregarded. 

Then  the  complete  equation  for  the  reaction  is 

2.645  H2+.468  ©2 — ►.9036  H^O  +  1.7352  +0.0124  OH. 

As  before,  the  heat  of  reactions  and  the  enthalpy  change  in  the  product  gases 
are  evaluated  to  determine  the  degree  of  accuracy  of  our  temperature  assiunp- 
tion. 

Heat  of  Reaction 


Gas 

n 

^F 

nQ^ 

H^O 

0.9036 

104,  042 

94, 012 

OH 

0.0124 

-10, 620 

Heat  of  reaction 

-131 

=  93,881  Btu/20# 

H  0 
2 

0.9036 

Enthalpy  Change 

44, 116 

39,863 

«2, 

1,7352 

30,922 

53,656 

OH  0.0124  31,335  389 

Enthalpy  gain  of  product  gases  =  93,  908  Btu/201b. 

Since  ~  the  assumed  temperature  of  «  4200*^F  or  4660°R  is  correct. 

Specific  Heat,  C^,  Molecular  Weight,  M ,  Gas  Constant,  R 

From  the  values  found  in  the  preceding  pages,  using  the  equations  given  be¬ 
low,  we  now  can  find: 

the  specific  heat  of  the  product  gar>ey: 

C  =  Z  (X  c^); 

the  gas  constant 

1 , 

R  =  R  /M, 

where  R^  =  Universal  gas  constant  =  1554  ft/  °R 

=  Molecular  weight  of  gas  (x)  in  lb /mole; 
and  the  molecular  weight 

M  =  Z  (X  M^)  . 
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The  mole  fraction  (X)  of  the  gases  can  now  be  foxind. 
X„  ^  =  .9036  =  .3408 


2.6512 

1.7352  =  .6544 

2.6512 

0.0124  =  .0048 

2.6512 


Gas 

X 

M 

X  M 

C 

X  C 

X 

X 

P 

P 

^2^ 

.3408 

18 

6.1344 

12.8 

4.3622 

^2 

.  6544 

2 

1.3088 

8.6 

5.6278 

OH 

.0048 

17 

0.0816 

8.8 

0.  0422 

1.0000 

7.5248 

30.2 

10.  0322 

M  =  {  X  M^)  =  7. 5248  Ib/mole 


B,  =  R  /  M 


1554/7.5248  =  206.5 


C_=  10.0322  Btu/mole°F  =  10.0322  =  1.333 

^  7. 5248 

Specific  Heat  Ratio,  K 

K  =  =  10.0322  =  1.233 

C  -1.99  8.1322 

P 

Ideal  Exhaust  Velocity 

The  ideal  exhaust  velocity  of  the  system  can  now  be  calculated  using 


where  v  =  2  g  K 

K-1 


p 

1 

Pi 


g  =  acceleration  of  gravity  =  32.  2ft/sec^ 

K  =  specific  heat  ratio  =  1.233 

R^=  universal  gas  constant  =  1544  ft-lb 

mole°F 

M  =  molecular  weight  of  gas  mixture,  Ib/mole 
rVm  =  gas  constant  of  system  =  206.5  ft/°F 

T^  =  combustion  temperature  4200°F 

=  Combustion  chamber  pressure  300  psia 

=  nozzle  exhaust  pressure  =  14.  7  psia 

2  g  K  =  340.79  ft/sec^  R^  T  =  8.673  x  lO^ft 


S 


X  =  (.049)'^®®^^  Inx  =  .18896  In  .  049 

In  X  =  -  .  5699 

X  =  . 565 


565  =  0.435 


V  =  11340  ft/ sec 

Specific  Impulse 

The  theoretical  specific  impulse  is  then  given  by 

I  =  V  ,  or  I  =  11340  sec  ^ 

sp  -j-  sp  Sz.z 

I  =  352  sec  ^ 

sp 


Mach  Ntimber 

Since  the  velocity  of  sounc 
the  speed  of  sound  will  be 


Since  the  velocity  of  sound  at  0°C  =  1087  ft/ sec,  at  4200°F  = 


2316°C, 


'^2316'’C  =  VqoC 


'^2316°C  =  1087  =  /“273  +  2316  =  3348  ft/ sec 

^  273 

The  ideal  velocity  in  Mach  number  will  then  be 

v  =  11340  ft/sec  =  3.387 


V  =  Mach  3.  387 

The  actual  exhaust  velocity  is  then  found  by  correcting  the  theoretical  exhaust 
velocity  by  a  velocity  correction  factor  experimentally  found  to  be  of  the  order 
of  0.  94. 

Then  v  =  Mach  3. 18, 

Nozzle  Configuration 

The  exhaust  coefficient,  C^,  is  calculated  using 


2 

K+1 

1  - 

p  K-n 

K-1 

K+1 

K-1 

and  since  =  14.  7  psia,  the  last  term  is  dropped. 


2-3 


1^41  r 

-(  ^2  \ 

K-1  -j 

(kTi) 

K-1  =  M 

K 

]- 


C,  =  V  (13.05)  (.348)  (.435)  =  1.405 


The  characteristic  exhaust  velocity  is  given  by 


C*  =  V  =  10,660  =  7587  ft/sec  . 

1.405 

C=!=  =  Mach  2. 27 

The  nozzle  throat  area  is  calculated  from 

=  F  =  100  =  .247  in^  . 

^  (0.96)(1.405)(3oo) 

The  nozzle  throat  diameter  then  is 


°t  = 


4  At 


=  .561 


TT 


The  nozzle  exit  area  can  now  be  computed  from 


Ao  = 


w 


2  = 


_  Fg  V, 


( 


( 

'  =  F  g  Tj  [ 

V  ^2 

1  p  J^\ 

where 


A^  =  exit  area 

Vj  =  volume  of  combustion  chamber 

V2  =  ideal  exhaust  velocity  =  11340  ft/sec 

F  =  thrust  =  100  lb. 

=  chamber  pressure  =  300  psia 

=  atmospheric  pressure  =  14. 7  psia 

g  =  gravitational  acceleration 

Tj^  =  chcimber  temperature  =  4200°F 


/M  =  gas  constant  =  206.5  ft/°F 
K  =  specific  heat  ratio  =  1.233  . 


then 

A^  =  .  372  in^ 

=  .  688  in. 

The  nozzle  area  expansion  ratio  is  consequently  obtained  from  the  equation 


Summary  of  Nozzle  Parameters 


Throat  area 
Throat  diam. 
Nozzle  diffuser 
half  angle 


.  247  sq.  in. 
.561  in 

15° 

=  106 


Exit  area 
Exit  diam. 
Exhaust  velocity 


=  .  372  sq.  in. 

=  .  688  in 

=  10,660  ft/sec 


Injector  Design 

The  propellant  weight'flow  is  calctdated  as  follows: 

^  =  F  g  =  100  X  32. 2  =  .  302  lb/ sec  . 

V  10660 

The  oxidizer  and  fuel  flow  are,  respectively, 

w  =  w  r-  =  {.302)(2.75)  =  0.222  Ib/sec 

°  r+1  (2.75+1) 

w,  =  w  =  .302  =  0.080  lb/ sec 

^  r+1  (2.75+1) 


2. 48  cu.  ft.  , 
sec 

14.  26  cu.ft.  . 
sec 


Calculation  of  Line  Pressure  and  Inj  ectors  Area 
w  =  C, 


D 


R 


(k+i) 


K+1 


K-1 


P 

T 


For  oxygen: 

For  hydrogen: 

K  =  1.4 

K  = 

1.41 

Wq=  oxygen  flow  =  .222  lb/ sec 

T^  =  temperature  of  0_ 

=  hydrogen  flow  0.8  Ib/sec 

P_  =  oxygen  line  pressure 

=  temperature  of 

R  =  48 

=  hydrogen  line  pressure 

=  0.68 

R 

=  766.5 

^2 

(-) 


K+1 

K-1 


=  .334 


(  2 

(k+i)^"^ 


-  =  .335 


%  ^ 
^2 

0.  93  in 

=  .  240  in 

6A^^  = 

. 0407  in 

346  psia 

.0452  in  2 

^2 

%  ' 

385  psia 

Heat  Transfer 


By  assuming  an  average  heat  transfer  of  4.  5  Btu/in  sec,  the  total  heat 
transfer  can  be  calculated' by  the  product  of  the  average  heat  transfer  times 
the  average  surface  of  the  combustion  chamber.  In  our  case,  the  total  hea 
transfer  is  equal  to 

4.  5  x  61  =  274.5  Btu/sec. 

The  amount  of  heat  to  be  absorbed  by  the  coolant  (water)  is  given  by 


and  A  T  = 


A  q 
274.5 


=  w. 


H^O 


AT 


Btu 


w. 


^2° 


lb  1.  005  Btu/ lb  F 


sec. 


By  selecting  an  arbitrary  value  for  the  temperature  differential,  AT,  the 
flow  of  the  coolant  can  be  computed. 

The  assumption  of  the  average  heat  transfer  was  made  to  allow  a  good  safety 
factor.  Although  the  yalue  can  actually  be  as  low  as  1  or  2  Btu/in^  sec. ,  a 
value  of  4.  5  Btu/in^  sec.  was  selected  so  as  to  give  a  safe  value  of  the  speed, 
amount,  and  pressure  of  the  coolant,  thus  preventing  the  melting  of  the  com¬ 
bustion  chamber. 

■because  of  the  high  value  selected  we  can  safely  compute  the  related  para¬ 
meter  using  the  maximum  allowable  value  for  At  ,  namely 


140°F 


1.  e. 


140°F  +  70°F  = 


210°F. 


w. 


H^O 


1.8  Ib/sec. 


The  evaluation  of  the  cooling  coefficient  depends  on  the  Reynolds  number 
and  Prandtl  number.  The  coil  passage  will  be  rectangular  in  cross-section 
and  will  wind  around  the  chamber  in  a  helical  fashion. 

2 

Since  the  cross-section  area  =  .  177  in  ,  and  the  injection  volume  flow 

aV. 


Q  - 


3  3 

1.8  1b/sec.  1728  in  /cu.ft  _  50  in  /sec  , 
62.3  lb/ cu.ft 


282.  5  in/ sec. 


the  injector  velocity  is 

3 

v  =  Q  =  50  in  /sec  = 

A  .  177  in^ 

23.  5  ft/sec. 

The  value  of  D  to  be  used  in  the  calculation  of  the  Reynolds  number  equals 
four  time  the  hydraulic  radius. 


h  =  0.  023  Cp  w 

®  "A" 


D  vP 

g 


-0.2 


K 


-0.67 
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where 


„  =  1.8  lb/ sec 
H^O 

Cp  =  1.005  =  c  Btu/lb°F 

2 

g  =  32. 2  ft/  sec  . 

2 

A  =  cross-section-area  of  coolant  coil  =  .  177  in 

D  =  4  X  hydraulic  radius,  4x0.0039  =  0.0156  ft 

Hydraulic  radius  =  1/2  _ ,  Area _  =  0.0039  ft 

Wetted  perimeter 

V  =  coolant  velocity  =  23.5  ft/ sec 

Wetted  perimeter  =  1.876  in 

P  =  density  of  water  =  2.2  lb/  cu.  ft. 


P-  =  viscosity  of  water  =  0.92  x  10 


K  =  thermal  conductivity  =  0.45  x  10 


,  2  o 

=  0.0124Btu/in  sec  F 


-5  lb -sec 
sq.  ft 
,a-5 


sec  ft  °F 


The  heat  transfer  across  the  liquid  film  is  given  by 

q  =  h^  (t  -  T  ) 

^  e  v  we  e  / 


and  the  temperature  on  the  liquid  side 

T  =  q  +  T  =  5  . 

w  e  e  0.0124 


77  +  140.  «  500^F  , 


which  is  the  temperature  estimate  of  the  outside  wall  surface.  . 

If  the  wall  is  0.  25  in.  thick  the  equivalent  film  coefficient  for  the  wall  would 

be  ^ 

h  =  ^w  . 
w 

w  . 

Since  K  for  Copper  is  10.75  Btu/in^  hr  °F/in 


10.75  =  0.0119 

0.25  X  3600 


.2  Ott 

in  sec  F 


The  wall  temperature  on  the  gas  side  then  is  equal  to 


5 

0. 0119 


+  500°F  w  940°F 


To  select  the  appropriate  feed  pressure 
A  p  =  f  It  Py^  , 


'  w  ■  »  -  < 


ma/ei 


where  f  =  1,15x0.038 

V  =  23.  5  ft/ sec 

L  =  (7.5)(4.71) 

D  =  . 1888  in. 

P  =  62.2  lb. /cu.  ft 

Ap  =  30.  30  psia  . 

Critical  Flow  Orifice 

The  critical  flow  orifice  diameters  for  measuring  the  oxidizer  and  fuel  flow 
are  calculatedusing  the  general  equation 

—  r-  ..  V  A  /”-5  7m  — 1 _  P. 


*  =  =D  ^  ^2  y 

For 

Oxygen 

=  0.98 

Y  =  0.86 

w  =  .222  1b/sec 

y  =  1.  73  cu.  ft/ sec 

P  =  8.921  X  10'^  Ib/cu.ft. 

Ap  =  200  psia 

w  =  .222  =  (.8428)(1.63)A^ 
_  ^2 

/  2(144}  Ap 


2  Ap 
P 


where 


r  =  _  1 

R  T 


For 

Hydrogen 


D  =  0.98 

Y  =  0. 86 


w  =  .08  Ib/sec 

r  =  0.  1205  ft^/sec 

P  =  5.61x10  ^Ib/cu.  ft 

Ap  =  200  psia 

w  =  0.08  =  (.8428)(.  1205)Aj 

/2(144)  Ap 
^  5. 61x10  ^ 

1  o  r\^f^ _ i  rt*6  .  « 


0.  1205  ft  /sec 


7. 18  X  10 
”Ap . 


8.921x10 

n-6  _ 


12,077  X  10 
- Sp — 


A  2 
^2 


mi 


V  % 

r  *  *  • '  ■ 

k-''  *  *■ 

1:  ArC“.>- 
i* -‘r-’.*'.' 

I*  "  11  *•,. 


i  V  -  .*  %- 

4*‘>  »*•  I"**  *• 


I?  -  !  “  *•  •  • 
I  ^  ». 

w 


i  * .  '*1 


In  our 

case,  where  a  Ap  = 

200  psia  in  both  lines  was  desired,  r 

Ao/ 

~4  4 

=  3.  59  X  10  in 

-4  4  i 

A^  2  =  6. 043  X  10  in  * 

^2  ^ 

> 

O 

II 

1.90  X  10"^  in^ 

A„  =  2.458  X  10“^  in^  i 

^2  F 

^t  = 

0.  1555  in 

i 

D  =  0.  1769  in  •  [ 

^  1 

;  •  .  *  *  V : 


I  • 

y'j 


V  >  '-A  '■■  s'  • 
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REFRACTORY  COATINGS  RESEARCH  AT 
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DONALD  R.  IVIASH 


Advanced  Technology  Laboratories 
Mountain  View,  California 


REFRACTORY  COATINGS  RESEARCH  AT 
ADVANCED  TECHNOLOGY  LABORATORIES 

Over  the  past  several  years,  the  Materials  Laboratory,  ATL,  has  been  conducting 

a  wide  range  of  investigations  of  plasma-jet  spraying  of  composite  materials  for  nuclear, 

missile,  and  industrial  applications.  In  this  work,  emphasis  is  placed  on  systematic 

development  of  data  relating  the  numerous  process  variables  associated  with  plasma" jet 

spraying  techniques.  Experimental  results  have  been  reviewed  in  several  recent 
1  2 

publications.  ’  Equipment  and  procedures  used  at  ATL  are  described  in  these  documents. 
Typical  laboratory  installations  are  shown  in  Figures  1  and  2. 

This  brief  report  summarizes  recent  information  accumulated  in  connection  with 
plasma-jet  spraying  of  metals  and  refractory  compounds  of  interest  to  this  Group  and 
serves  to  indicate  the  current  activities  of  the  Materials  Laboratory  in  the  area  of 
refractory  composites  research.  Investigations  to  be  discussed  are  concerned  with  a 
variety  of  high-temperature  coatings  on  several  different  substrates  as  well  as  with 
free-standing  shapes.  Materials  of  interest  in  the  current  discussion  are  Included  in 
Table  I,  in  which  a  number  of  pertinent  properties  are  compared.  It  will  be  noted 
that  each  material  is  characterized  by  parameters  indicating  relative  ease  of.  spraying 
^d  available  powder  quality.  Both  parameters  are  useful  in  initiating  programs  involving 
a  variety  of  materials  of  widely  different  characteristics. 


1.  Mash,  D.  R, ,  Weare,  N.  E. ,  and  Walker,  D.  L. ,  "Process  Variables  in  Plasma- 
Jet  Spraying,  "  presented  March  23,  1961  at  the  AIME  technical  session.  Western 
Metals  Congress,  Los  Angeles,  Calif. ,  Journal  of  Metals,  13,  No.  7,  July  1961. 

2.  Walker,  D.  L.  and  Kirby,  R.  S. ,  "Process  Variables  in  Plasma-Spraying 
Refractory  Coatings  on  Beryllium, "  ATL-574,  1  March  1961,  for  Lockheed  Aircraft 
Corporation,  Missiles  and  Space  Division,  P.  O.  18-2449  under  Contract  NOrd  17017. 


LARGE  INERT-ATMOSPHERE  PLASMA  SPRAY  CHAMBER 


FIGURE  1 


* 

I.  Refractory  Compounds  and  Metals 

Operating  parameters  for  a  number  of  typical  plasma- jet  sprayed  coatings  are 
summarized  in  Table  II.  Substrates  employed  included  stainless  steel,  mild  steel, 
aluminum,  and  graphite.  Besides  being  of  practical  importance,  systematic  studies 
yielding  such  data  contribute  to  an  understanding  of  the  general  problem  of  achieving 
optimum  deposition  characteristics  by  plasma- jet  spraying  techniques. 

High  deposition  efficiency  and  density  can  be  achieved  only  with  complete  particle 
melting.  For  a  given  material  and  particle  size  range,  therefore,  it  is  worthwhile  to 
examine  these  deposition  characteristics  as  a  fimction  of  plasma  enthalpy,  since  this 
factor  determines  complete  particle  melting.  Power  input  and  arc-gas  flow  rate, 
in  turn,  determine  plasma  enthalpy.  In  addition,  arc-gas  flow  rate  influences' 
deposition  efficiency  by  fixing  particle  residence  time  in  the  plasma  jet  and  contributes 
to  density  as  a  result  of  the  impact  velocity  imparted  to  the  injected  particles.  Such 
effects  can  be  separated  to  some  extent  by  comparing  deposition  characteristics  as  a 
function  of  arc-gas  flow  rate  at  constant  entha.py.  Optimum  process  parameters  are 
established  when  both  density  and  deposition  efficiency  are  maximized. 

Typical  data  for  a  number  of  metallic  materials  are  shown  in  Figure  3,  where 
both  deposition  efficiency  and  coating  density  are  plotted  as  a  function  of  plasma 
enthalpy.  Each  quantity  reaches  maximum  value  at  a  different  enthalpy  level, 
indicating  that  optimum  conditions  have  not  been  established.  Deposition-efficiency 
curves  can  be  moved  to  the  right  by  increasing  average  particle  size,  using  a  narrower 
range  of  particle  sizes,  and  by  increasing  powder  feed  rate.  Deposition  efficiency 
provides  a  sensitive  measure  of  particle  melting  conditions;  however,  comparison 
with  density  data  is  essential  to  determine  optimum  spray  conditions  for  a  given 
material.  An  interesting  correlation  between  coating  hardness  and  plasma  enthalpy 
is  given  in  Figure  4,  which  closely  follows  density- increase  data  shown  on  the  previous 
figure. 

*  Investigators  include  D.  L.  Walker,  R.  S.  Kirby,  J.  G.  Hill,  and  E.  Buchanan. 
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MATERIAL 

POWER 

(KW) 

POWDER  SIZE 
(MESH) 

POWDER  FEED  RATE 
(GM/MIN) 

NICROBRAZE 

11 

-200  +325 

22 

304  SS 

11 

-200  +325 

19 

NICHROME 

9 

-200  +325 

16 

4340  STEEL 

10 

-200  +325 

13 

SPRAY  DISTANCE:  3^  IN. 


TRAVERSE  RATE:  45-72  IN. /MIN 


EFFECT  OF  PLASMA  ENTHALPY  AT  CONSTANT  POWER  INPUT  ON 
COATING  DENSITY  AND  DEPOSITION  EFFICIENCY  OF 
VARIOUS  METALLIC  MATERIALS 


A  much  closer  correspondence  between  deposition  efficiency  and  density  maxima 
was  obtained  for  a  number  of  refractory  compounds  as  a  function  of  plasma  enthalpy 
(Figure  5).  Deposition  conditions  relating  enthalpy,  particle  size,  and  material 
properties  appear  to  be  more  closely  established  than  in  the  metallic  case,  possibly 
due  to  better  control  of  particle  size  range  and  to  lower  vapor  pressure  of  the  refractory 
materials. 

Tungsten  free-standing  shapes  are  of  considerable  interest  currently  and  have  been 
studied  rather  extensively  at  ATL.  Figure  6  presents  density-versus-enthalpy  data 
for  plasma-sprayed  tungsten  in  which  the  effect  of  adequate  particle  melting  and  the 
supplementary  influence  of  particle  velocity  are  combined.  This  latter  effect  can  be 
separated,  as  shown  in  Figure  7,  where  density  is  plotted  against  arc-gas  flow  at 
constant  enthalpy.  Maximum  density  of  about  85%  of  theoretical  was  achieved,  using 
argon  arc  gas.  Addition  of  about  5%  hydrogen  to  the  arc  gas  resulted  in  densities  of 
greater  than  90%  of  theoretical  density,  chiefly  as  a  result  of  improved  heat-transfer 
properties  of  the  mixed  plasma.  Other  variables  studied  include  spray  distance, 
traverse  rate,  and  particle  size.  A  spray  distance  of  2^  inches  produced  maximum 
density,  while  the  influence  of  traverse  rate  was  minor  except  for  the  beneficial 
influence  on  surface  finish  obtained  with  increasing  traverse  rate.  Density  increased 
somewhat  with  decreasing  particle  size. 

Representative  samples  were  examined  metallographically  to  observe  structural 
details,  especially  with  respect  to  porosity  and  grain  size,  and  to  determine  apparent 
degree  of  melting. 

Figures  8  and  9  are  photomacrographs  of  typical  samples.  Figure  8  illustrates 
gradual  improvement  in  melting  and  decrease  in  porosity  with  increased  enthalpy 
during  spraying.  The  major  porosity  still  evident  in  Figure  8.d  is  between  the  layers 
of  the  coating.  Figure  9  illustrates  results  of  attempts  to  eliminate  this  interlayer 
porosity  by  heating  the  substrate  during  spraying  (9.  a),  adding  5%  hydrogen  to  the  arc 
gas  to  improve  heat  transfer  (9.  b),  and  hot  rolling  (9.  c).  It  is  evident  that  the  addition 
of  hydrogen  almost  eliminates  the  interlayer  porosity  and  increases  the  density  to  90%, 
and  that  hot  rolling  accomplishes  the  same  objective. 
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EFFECT  OF  PLASMA  ENTHALPY  AT  CONSTANT  POWER  INPUT  ON 
THE  DENSITY  OF  PLASMA -SPRAYED  TUNGSTEN 


FIGURE  6 


SPRAY  DISTANCE:  2%  IN. 

TRAVERSE  RATE:  45  IN. /MIN 

POWDER  FEED  RATE;  40  GM/MIN 

DEPOSITION  EFFICIENCY:  ~707. 


EFFECT  OF  ARGON  ARC-GAS  FLOW  AT  CONSTANT  PLASMA  ENTHALPY  ON 
the  DENSITY  OF  PLASMA -SPRAYED  TTJNGSTEN 


Current  «  400  amp 

Power  ■  10.8  kw 

Arc-Gas  Flow  ■  50  cfh  argon 

Spray  Distance  ■  3^  in. 

Powder  Feed  “35  gm/min 

c.  W-11 


Current  ■  500  amp 

Power  ■  14  kw 

Arc-Gas  Flow  ■  50  cfh  argon 

Spray  Distance  ■  3^  in. 

Powder  Feed  *  35  gm/min 

d.  W-14 


I2x 


Current 

Power 

Arc -Gas  Flow 
Spray  Distance 
Powder  Feed 


p  -  83.5% 
600  amp 
18.3  kw 
60  cfh  argon 
2%  in. 

35  gm/min 


12x  p  “  85.3% 

Current  >■  750  amp 

Power  *  24  kw 

Arc -Gas  Flow  »  60  cfh  argon 

Spray  Distance  *  2^  in. 

Powder  Feed  =»  35  gm/min 


All  sprayed  with  280 -cfh  helium  cover  gas; 
traverse  rate  of  45  in. /min. 


PLASMA-SPRAYED  TUNGSTEN 


FIGURE  8 
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Current  *  600  anq> 

Power  -  18.3  lew 

Arc-Gai  Flow  ■  60  cfh  argon 

Spray  Distance  «  2\  in. 

Powder  Feed  *  35  gm/min 

No  cover  gas 
Hot  substrate 

c. 


Current  ■  600  amp 

Power  «  28  kw 

Arc-Gas  Flow  -  60  cfh  (95A-5H2) 

Spray  Distance  >  2%  In. 

Powder  Feed  "  35  gst/nin 
No  cover  gas 

5X  alxed  with  argon  arc  gas 


Current  ■  600  amp 

Power  ■  18.3  kw 


Arc-Gas  Flow  ■  60  cfh  argon 
Spray  Distance  "  2^  in. 

Powder  Peed  ■  35  gm/min 
i^SO-cfh  helium  cover  gas 
Hot  reduced  30X  by  rolling 
Density  before  rolling  ■  80X 


PLASMA -SPRAYED  TUNGSTEN 


FIGURE  9 


Figures  10  and  11  are  photomicrographs  of  the  same  samples  after  etching. 
Equiaxed,  fine-grain  structures  can  be  obtained  when  sufficient  heat  is  available 
to  adequately  melt  the  particles.  Similar  structures  can  be  produced  by  hot 
roiling. 

Oxygen  analyses  (vacuum  fusion)  were  performed  on  as-received  powder,  sample 
W-29  (argOn  arc  gas)  ,  and  sample  W-45  (95  argon  -  5  hydrogen  arc  gas),.  Results 
were  as  follows: 


As-received  powder 
W-29  (argon) 

W-45  (95A-5H„) 


0.019% 
0.  044% 
0.0078% 


Current  "  400  amp 

Current  "  500  amp 

Power  "  10.8  kw 

Power  “  14  kw 

Arc-Gas  Flow  ■  50  cfh  argon 

Arc-Gas  Flow  •  50  cfh  argon 

Spray  Distance  "  3^  in. 

Spray  Distance  "3%  in. 

Powder  Feed  "  35  gm/min 

Powder  Feed  "  35  gm/min 

c.  W-11 

d.  W-14 

Current 

Power 

Arc-Gas  Flow 
Spray  Distance 
Powder  Feed 


600  amp 
18.3  kw 
60  cfh  argon 
2^  In. 

35  gm/inln 


Current  "750  amp 

Power  ■  24  kw 

Arc -Gas  Flow  “  60  cfh  argon 

Spray  Distance  «  2%  in. 

Powder  Feed  "  35  gm/nin 


All  sprayed  with  280-cfh  helium  cover  gasj 
traverse  rate  of  45  in. /min. 


PLASMA-SPRAYED  TUNGSTEN 
FIGURE  10 


Current 

Power 

Arc-Gas  Flow 
Spray  Distance 
Powder  Feed 
No  cover  gas 
Hot  substrate 


■  600  anp 

-  18.3  kw 

■■  60  c£h  argon 

-  2%  In. 

■  35  gm/mln 


c. 


Current  ■  600  amp 

Power  -  28  kw 

Arc-Gas  Flow  ■  60  cfh  (95A-5H2) 

Spray  Distance  ■  2%  In. 

Powder  Feed  “  35  gm/mln 
No  cover  gas 

5X  mixed  with  argon  arc  gas 

W-37-2 


250x  P  -  92. IX 

Current  “  600  amp 

Power  »  18.3  kw 

Arc-Gas  Flow  “  60  cfh 
Spray  Distance  “  2%  In. 

Powder  Feed  ■  35  gm/mln 
280 -cfh  helium  cover  gas 
Hot-reduced  30X  by  rolling 
Density  before  rolling  80X 


PLASMA-SPRAYED  TUNGSTEN 


FIGURE  11 
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n.  Development  of  Clad  Ceramic  Fuel  Plates  by  Spray-Coating  Techniques 

The  over-all  objective  of  this  program  is  to  develop  plate-type  uranitun  dioxide 
nuclear-reactor  fuel  elements,  using  plasma- jet  spraying  techniques,  and  to  evaluate 
properties  and  potential  cost  savings  of  these  fuel  elements.  Advantages  of  a  sprayed 
plate-type  oxide  fuel  element  include  improved  heat-transfer  characteristics  due  to 
geometry  and  to  the  bond  between  fuel  and  cladding,  and  potentially  lower  fabrication 
costs. 

Phase  I,  currently  in  progress,  is  concerned  with  investigation  of  spray-coating 
variables  and  evaluation  of  '’'  ating  characteristics.  Initially,  the  effects  of  the  process 
variables  were  screened  by  spraying  calcium-stabilized  zirconia  as  a  stand-in  for 
uranium  dioxide.  This  portion  of  the  program  has  been  completed,  and  uranium  dioxide 
coatings  are  currently  being  evaluated.  Emphasis  has  been  placed  on  density,  adherence, 
and  efficiency  of  deposition. 

Materials  and  Procedure 

Arc-fused  uranium  dioxide  powder  has  been  used  throughout  most  of  this  investi¬ 
gation.  Coatings  have  been  made  on  304  stainless  steel,  and  on  Zircaloy-2  substrates. 
Substrate  thicknesses  as  low  as  0.020  inch  have  been  sprayed  with  coatings  up  to 
0. 100  inch  thick. 

Uranium  dioxide  is  sprayed  in  a  vacuum-purged  inert-atmosphere  chamber  under 

argon  (Figure  1).  This  procedure  is  necessary  to  prevent  oxidation  to  U  0  or  an 

3  8 

intermediate  oxide.  The  importance  of  spraying  atmosphere  on  the  stoichiometry  of 
UOg  is  illustrated  by  Table  m. 

Coating  Density  and  Deposition  Efficiency 

Densities  as  high  as  90  to  91%  theoretical  (10. 98  gm/cc)  have  been  obtained. 
Variables  studied  include  power  input,  spray  distance,  the  use  of  cover  gas,  arc-gas 
flow,  powder  type,  and  powder  size.  Increasing  power  input  and  decreasing  spray 
distance  resulted  in  improved  coating  densities,  but  increased  the  tendency  for  cracking 
and  spalling  of  the  coatings.  Cracking  and  spalling  were  reduced  or  eliminated  by  use  of 
helium  cover  gas  to  provide  surface  cooling. 

*  Work  performed  under  AEC-Euratom  sponsorship  on  Contract  AT(04-3)-250,  Project 
Agreement  No.  4.  Investigators  include  N.  E.  Weave,  Dr.  H.  Merchandise,  and 
E.  Buchanan. 
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The  general  relationship  obtained  between  deposition  efficiency  and  plasma  enthalpy 
is  shown  in  Figure  12.  The  separate  influence  of  arc-gas  flow  rate  on  coating  density 
at  constant  enthalpy  is  shown  (Figure  13)  to  be  very  significant.  Maximum  densities  of 
88  to  over  90%  of  theoretical,  depending  on  spray  distance,  were  observed  at  values  of 
about  75  cfh  argon.  Deposition  efficiencies  were  maximized  at  about  60  cfh  argon,  and 
somewhat  lower  enthalpy  values  achieved  (Figure  14)  indicated  the  need  for  close 
particle-size  control  to  establish  optimum  parameters.  The  influence  of  powder  feed 
rate  on  deposition  efficiency  is  shown  also  in  Figure  14. 

Fused  UO  powder  produced  coatings  of  higher  density  than  did  sintered  powders. 

dt 

This  is  due  primarily  to  the  fact  that  the  fused  particles  are  nearly  100%  of  theoretical 
density,  while  the  sintered  particles  contain  a  considerable  amount  of  porosity.  Similar 
effects  were  noted  previously  when  spraying  fused  and  sintered  zirconia  powders. 

Powder  particle  size  is  more  critical  when  spraying  uranium  dioxide  than  zirconia. 
Various  powder  sizes  are  currently  being  sprayed  under  constant  spraying  conditions  to 
fully  evaluate  the  effect  of  particle  size.  The  best  results  to  date  have  been  accomplished 
using  -200,  +250  mesh  powder. 

One  major  problem  is  the  friability  of  UO  powders.  For  example,  powder  screened 

dt 

to  -200,  +250  mesh  breaks  up  in  the  feed  system  to  53%  (-200,  +250),  44%  (-250,  +325), 
and  3%  (-325  mesh). 

Coating  Adherence 

A  major  advantage  of  a  sprayed  fuel  element  is  an  integral  bond  between  the  fuel 
and  the  cladding.  Adherence  of  sprayed  UO  fuel  is  therefore  of  prime  importance, 

di 

Coating  adherence  has  been  found  to  be  a  function  of  substrate  type,  surface  preparation. 


thermal  history  during  spraying,  geometry  of  the  spray  pattern,  and  coating  thickness. 

More  adherent  coatings  are  produced  on  Zircaloy-2  substrates  than  on  stainless 
steel  because  slightly  rougher  surfaces  are  produced  on  Zircaloy  under  identical  grit¬ 
blasting  conditions  and  because  Zircaloy  possesses  a  thermal-expansion  coefficient 
about  40%  of  that  for  stainless  steel. 


Deposition  Efficiency 


POWDER: 

FUSED  UO2  (-200,  +325  MESH) 

POWER  INPUT: 

VARIABLE 

ARC -GAS  FLOW: 

VARIABLE 

SPRAY  DISTANCE: 

4  IN. 

TRAVERSE  RATE: 

50  IN./jffN 

POWDER  FEED  PATE: 

30  GM/MIN 

POWDER  GAS  FLOW: 

6-7  CFH  (ARGON) 

Plasma  Enthalpy  -  kcal/ft  (Argon) 

EFFECT  OF  PLASMA  ENTHALPY  ON 
THE  DEPOSITION  EFFICIENCY  OF  URANIUM  DIOXIDE 


FIGURE  12 


POWDER:  FUSED  UOo  (-200,  +325  MESH) 

ENTHALPY:  265  KCAL/FT^ 

TRAVERSE  RATE;  70  IN. /MIN 
POWDER  FEED  RATE:  60  GM/MIN 
POWDER  GAS  FLOW;  10  CFH  (ARGON) 


40  50  60  70  80  90 


Arc-Gas  Flow  -  cfh  (Argon) 


EFFECT  OF  ARC -GAS  FLOW  ON  THE  COATING  DENSITY  OF 
URANIUM  DIOXIDE  AT  CONSTANT  PLASMA  ENTHALPY 


FIGURE  13 


POWDER:  FUSED  UO2  (-200,  +325  MESH) 

SPRAY  DISTANCE:  4  IN. 

TRAVERSE  RATE:  50  IN. /MIN 

POWDER  GAS  FLOW:  6-7  CFH 


LEGEND 


ENTHALP' 


To  date,  substrate  surfaces  have  been  prepared  by  gritblasting  to  provide  a  strong 
mechanical  bond.  On  thin  substrates,  this  is  followed  by  straightening  and  annealing. 
Silicon  carbide,  sand,  garnet,  and  iron  blasting  media  have  been  tried.  Of  these,  sand 
is  the  least  desirable.  Although  the  remaining  three  media  provide  an  adequate  surface, 
silicon  carbide  is  preferred  since  it  provides  the  cleanest  surface  for  spraying.  Bend 
tests  have  been  made  of  coatings  sprayed  on  0. 030-inch-thick  substrates.  Figure  15 
shows  four  specimens  bent  around  a  1-inch  radius.  Even  though  cracks  occurred  during 
bending,  the  coatings  remained  adherent  in  all  cases,  except  for  surfaces  blasted  with 
sand. 

Additional  studies  are  being  conducted  using  chemical  etching,  presprayed  bond 
layers,  and  gradated  coatings  as  methods  of  improving  coating  adherence. 

The  effect  of  thermal  history  on  the  distortion  resulting  from  spraying  and  on 
coating  adherence  has  been  studied.  Conclusions  of  this  study  were: 

1)  Substrate  temperatures  must  be  kept  below  500  C,  while  the  coating  must  be 
maintained  at  a  temperature  below  870  C.  Helium  cover  gas  can  be  used  to 
provide  the  required  degree  of  temperature  control. 

2)  The  substrate  must  be  in  the  fully  annealed  condition  prior  to  spraying. 

3)  At  spray  distances  below  1  inches,  without  the  use  of  cover  gas,  traverse 
rateri  of  71  in.  /min  or  higher  must  be  used  at  power  levels  of  22  to  25  kw 
and  arc-gas  flow  rates  of  55  to  75  cfh  argon. 

Under  the  best  spraying  conditions  and  a  3-inch  spray  distance,  the  deposition 
pattern  is  nearly  circular  and  about  1/2  inch  in  diameter.  Slight  variations  in  arc-gas 
flow  rate  result  in  a  very  hot,  narrow,  deposition  pattern  about  1/8  inch  wide  by  about 
1/4  inch  long.  With  this  type  of  pattern,  the  coating  will  crack  along  each  side  of  the 
pass  and  will  subsequently  peel  off  the  substrate. 

Coating  thickness  also  influences  adherence,  since  increasing  coating  thickness 
results  in  increased  residual  stresses  at  the  interface.  Coating  thicknesses  up  to 
0. 050  to  0. 060  inch  are  very  adherent.  However,  coatings  about  0. 100  inch  thick  are 
less  adherent  and  will  not  accept  a  severe  bend  such  as  that  shown  in  Figxme  15. 


ni.  Conclusions 

Available  results  indicate  the  technicaband' economic  feasibility  of  fabricating  UO^ 
plate-type  fuel  elements  by  plasma- jet  spraying  techniques.  Adherent  deposits  of 
adequate  density  have  been  produced  in  relatively  thick  sections.  Final  conclusions  as 
to  the  importance  of  this  approach  to  reactor  fuel-element  design  must  be  reserved 
until  in-pile  behavior  is  investigated  and  compar6d4o  that  of  alternative  designs. 


INTERFACE  BONDING  STUDIES  AND 
A  NEW  PLASMA  ARC  SPRAY  GUN 
ACCOMPLISHMENTS  AND  PLANS 


D.  H.  LEEDS 


Aerospace  Corporation 
El  Segundo,  California 


INTERFACE  BONDING  STUDIES  AND  A  NEW  PIASM  ARC  SPRAY  GUN 
ACCOMPLISHMENTS  AND  PIANS 

Under  contract  AP  04(647)-l65>  a  ^40  kw  plasma  arc  spray  facility  vas 
established  (see  figures  1  and  2).  Accordingly,  a  plasma  spray  gun  was 
designed,  and  built  and  subsfquently  ia5>roved  upon.  Figures  3^  ^  and  5  show 
the  progressive  chjuiges  which  have  been  made  over  the  past  y^r  in  gun  design. 

Generation  one  design  was  used  solely  with  a  3  l/2  kw  (250  Amp)  welding 
generator,  Md  worked  on  so^ened  tap  water.  This  unit  was  thoroughly  checked 
for  thermal  efficiency  and  other  correlative  theoretical  design  ^ta  with 
oscilloscppes,  theriBocouples  and  pre8S\u«  gages.  The  design  operated  at  fipm 
51  to  67  percent  efficiency,  depending  upon  mass  flows  and  power.  No  powder 
was  sprayed  throu^  this  unit  since  the  current  (250  Amps)  was  insufficient  to 
heat  even  the  minimum  powder  flow. 

■Generation  two  design,  made  with  the  identical  heat  transfer -surfaces  as 
generation  one,  was  operated  successfxilly  at  27.5  hw  (1100  Amps) ,  The  main 
advantage  of  this  unit  over  the  first  generation  design  was  the  mechanical 
interchangeability  of  parts.  The  first  unit  was  entirely  spidered  together. 

Hose  connections  on  generation  two  utilized  polyflpw  tubing  which  was  subsequently 
fovind  vmreliable  because  of  the  effect  of  proximate  heat  on-  inner  pressurized 
polyethylene  hosing.  A  strong  reliance  on  epoxy  resined  gas  sealing  Joints, 
and  on  the  water  sealing  capability  of  multicycled  force  fit  parts,  soon 
initiated  the  third  generation  design.  Again,  however,  the  heat  transfer  surface 
relationships  seen  by  the  cooling  water,  retained  luchanged. 

Generation  three  design  may  be  conpletely  disassembled  into  Interchangeable 
parts-  -  several  varied  shape  cathode  tip  designs  and  several  anode  nozzle  designs 
are  possible.  The  parts  are  standardized  and  virtually  trouble  free.  Some 


difficulty  vas  encountered  with  anode  to  cathode  arcing  contours,  and  some  hole 
stoppage  hy  tungsten  melts  was  seen,  hut  at  this  writixig  these  troubles  have 
been  largely  overcome. 

Figures  6  and  7  show  some  of  the  breakdown  assemblies  of  the  anode,  emd 
cathode  of  generation  three  design.  Figure  8  shows  the  most  recent  anode  to 
cathode  configuration.  Figure  9  shows  a  full  size  assembly  cross  section 
schematic  of  the  still  later  generation  four  spray  gun. 

The  foremost  incentive  in  attempting  to  design  a  spray  gun  vas  to 
significantly  In^rove  on  plasma  spray  gun  designs.  Thus  a  rear  electrode 
powder  Introduction  (which  had  unsuccessfully  been  atteapted  in  the  pest)  was 
incorporated  into  the  new  design.  A  thorou^^y  water  cooled  cathode  was  included 
to  allow  a  greater  latitude  in  power  capability  (l.e.  ,  the  new  unit  is 
designed  for  80  -  IXX)  kw  using  9  ^  psi  tap  water)  * 

While  gun  design  laatured,  the  system  was  operational.  "As  deposited" 
coating  densities  were  studied.  Relationships  at  low  power  level  were 
established  between  tungsten  plasma  coating  deposit  efficiency  and  the  variables 
of  anode  and  cathode  mMS  flow  (figure  lO) ,  enthalpy  (figure  ll)  distance  of 
substrate  from  spray  nozzle  face  (figure  12)  and  finally  rear  to  forward 
electrode  configuration  (see  figure  8).  It  is  believed  that  this  last  variable 
precluded  other  investigators  from  using  rear  electrode  powder  introduction. 
Figure  13  is  a  tabular  conpilation  of  the  e^qperlmentally  noted  variables  which 
could  affect  spray  deposit  efficiency. 

Early  photomichrographs  (figures  l4,  15  and  l6)  of  sprayed  tungsten 
indicate  that  for  a  given  low  enthalpy  the  latest  plasma  spray  gun  design 
results  in  decreased  coating  porosities  over  commercial  designs.  Densities  on 


the  order  of  89  percent  of  theoretical  were  neasured. 

A  alaqple  "Jolly  Balance"  (which  utilizes  ArcbJaedes  principle)  was  used 
to  carefully  measure  these  densities  irtiich  ranged  from  86  to  90  percent  with 
the  huU  of  the  measmrements  at  89  percent  level.  Commercial  coating  sauries 
from  local  vendors  which  had  been  made  at  20  kw  ranged  from  8h  to  88  percent 
theoretical  txmgsten  density,  enjoying  a  higher  deposit  efficiency.  The  deposit 
efficiencies  that  we  meas\^d  were  done  on  a  seventeen  inch  diameter  aluminum 
plate  which  for  the  hulk  of  the  experiments  was  not  grit  blasted.  Tliis  plate 
was  coated  over  a  two  inch  area  -  one  inch  from  the  outer  circumference,  the  plate 
was  rotated  and  translated  before  the  stationary  spray  gun,  at  90°  to  the  gun. 

It  is  felt  that  this  represents  a  rather  severe  test  for  deposit  efficiency 
from  the  standpoint  of  excessive  cooling;  It  is  postulated  that  the  gain  in 
electrical  and  thexnal  efficiencies  over  conmercial  designs  is  acco^llshed 
by  "d-rtue  of  the  spray  jarticles  having  a  longer  dwell  time  In  the  plaeona 
carrier  gas  and  a  closer  proximity  to  -  if  not  a  passing  through,  the  electric 
arc.  The  Increased  available  heat  flux  to  the  particles  (i.e.,  increased  over 
other  designs)  would  result  in  a  more  plastically  deformable  material  u^n 
impingement. 

With  a  more  pliable  particle,  the  limiting  factor  in  coating  formation 
would  be  the  substrates  receptivity. 

Primary  enphasls  in  the  months  to  follow  will  be  on  a  more  detailed  study 
of  the  natiire  of  the  bond  between  the  substrate  and  the  sprayed  material 
including  the  investigation  of  Improved  substrate  preparation  techniques.  Specific 
studies  to  determine  bonding  variables  will  be  carried  out  in  the  following 
order : 

(1)  Establish  an  experimental  control  with  slnple  shear  bond  strength  tests. 


(2)  Study  mechanisms  of  bonding  by  sequential  discrimination. 

(3)  Investigate  methods  of  inducing  surface  activity. 

(4)  Perform  sheeur  bond  strength  tests  to  establish  a  correlation  betveen 
(1)  and  (3). 

PerfoCTi  thermal  shock  and  conductivity  tests  to  establish  the  usefulness 
of  (4)  . 

(6)  Investigate  optimum  shape  and  size  of  spraying  materials. 

The  Aerospace  axial  rear  electrode  powder  introduction  has  minimally  an 
order  of  magnitude  more  latitude  for  incrraslng  powder  and  Intralnment  gas 
mass  flow  over  the  easting  camneicial  transverse  powder  introduction  designs 
(l.e.  transverse  to  the  plasma  column). 

Recent  work  by  Levinstein  and  Jotoson  at  G.E.  includes  the  effects  of 
the  different  spraying  variables  on  coating  density.  In  the  course  of  the 
researdti  program  a  device  to  mMsure  velocities  of  spray  particles  in  tz^sit 
was  made  to  determine  the  effect  of  this  variable  on  density.  After  collaboration 
with  G.E. ,  a  velocity  meter  similar  to  their  design  was  built  by  Aerospace 
Corporation,  for  use  in  studying  the  effect  of  spray  particle  (coating)  and  grit 
blasting  velocities  on  coating  bond  strengths.- 

Refractory  and  ablative  coating  systems  are  used  under  severe  shear 
stress  conditions  in  both  internal  and  earternal  vehicular  envirqnnents  where  they 
allow  usage  of  common  structural  substrate  materials.  Ceramic  spra^d  coatings 
achieve  a  maxUrnns  room  teng>erature  tsnslle  bond  strength  on  order  of  ^00  to  1000  psl 
(refractory  metal  coatings  Achieve  from  2000  to  3000  psi)  tested  until  failure 
of  the  adhesive  bond.  The  preceding  work  has  been  and  is  being  carried  '^ut  in 
a  research  program  at  the  Aerospace  Corporation  idilch  is  aimed  at  studying  the 
coating  to  substrate  Interface  bonding  characteristics,  and  applying  the  knowledge 
gained  therefrcm  toward  drastically  Increasing  the  bonding  characteristics  of 
future  plasma  sprayed  coatings. 


SPRAY  LABORATORY 


GENERATION  ONE  PLASMA  ARC  SPRAY  GUN 


ANODE  SUBASSEMBLIES  PLASIvIA  ARC  SPRAY  BUN 


Plasma  sprayed  txmgsten  533X 
Company  B  Arcspray  Gun 
700  AMPERE  (20KW  Power) 


Plasma  sprayed  tungsten  533X 
Aerospace  Arcspray  Gun 
600  AMPERE  (13KW  Power' 


Figure  14.  COATED'*  TUNGSTEN  POROSITY  COMPARISON 
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1.  INTRODUCTION 

The  University  of  Dayton  Research  Institute  has  been  continuing  its  evalua¬ 
tion  of  potential  rnaterials  for  various  high  temperature  applications.  The  arc- 
plasma-jet  screening  test  as  proposed  by  a  committee  of  this  Working  Group  was 
generally  followed  and,  wherever  possible,  improved  upon.  Special  tests  were 
also  developed  and  utilized  to  evaluate  materials  for  specific  requirements  and 
applications.  Primary  emphasis  at  the  University  during  the  past  nine  months 
has  been  in  this  area  of  materials  evaluation  and  development  of  suitable  test 
techniques. 

2.  X-15  ROCKET  ENGINE.  STUDIES 

The  X-15  aircraft  is  powered  by  a  liquid  fueled  engine  utilizing  a  regener- 
atively  cooled  stainless  steel  nozzle.  The  nozzle  is  flame  sprayed  with  a  nichrome 
primer  and  Rokide  Z  insulating  layer  to  provide  thermal  protection  for  the  stain¬ 
less  steel  and  to  minimize  the  heat  transferred  to  the  fuel.  Some  Rokide  Z  loss- 
is  normally  experienced  during  engine  operation,  but  during  very  short-term  oper¬ 
ation  of  several  chambers  complete  Rokide  losses  were  experienced  in  several 
areas,  ultimately  resulting  in  bursting  failure  of  a  tube. 

Metallographic  evaluation  of  a  failed  engine  led  to  the  following  conclusions: 

1.  Extensive  erosion  of  the  Rokide  Z  coating  subsequently  resulted  in 
complete  tube,  failure  due  to  surface  erosion  of  the  stainless  steel 
and  the  formation  of  a  brittle  diffusion  zone  at  the  inside  diameter  of 
the  tube. 

2,  The  primary  cause  of  engine  failure  would  appear  to  be  poor  adherence 
of  the  Rokide  Z  coating  to  the  stainless  steel  tubes. 

Based  upon  these  conclusions  it  appeared  some  type  of  thermal  shock  test 
was  required  to  evaluate  the  adherence  of  Rokide  Z  and  experimental  type  coat¬ 
ings.  The  test  as  finally  developed  at  the  University  of  Dayton  consisted  of  a 
series  of  10  cycles  exposure  at  various  power  levels  in  the  arc-pla‘!ma-jet.  Each 
thermal  shock  cycle  consisted  of  heating  for  10  seconds  and  cooling  for  10  seconds. 
Power  levels  were  based  upon  settings  of  the  power  supply  control  variac  with  ah 
initial  setting  of  45.  If  no  failure  occurred  after  10  cycles  at  this  power  leve^  the 
variac  setting  was  raised  to  50  for  an  additional  10  cycles.  This  practice  was 
repeated  for  an  additional  10  cycles  each  at  variac  settings  of  55,  60,  65,  75,  90, 
105  and  110  (wide  open)  or  until  failure  occurred.  For  reporting  purposes  only 
the  total  number  of  cycles  to  failure  are  shown,  it  being  understood  that  each 
successive  10  cycles  were  at  a  higher  variac  setting.  The  test  samples  were  sec¬ 
tions  from  an  actual  engine  and  were  approximately  4  x  8  inches.  The  samples 
were  potted  in  plastic  at  each  end  and  water  circulated  through  the  tubes  during 
test  to  simulate  the  fuel.  A  typical  specimen  after  test  is  shown  in  Figure  1.  The 
size  of  each  specimen  was  such  that  four  distinctly  separate  test  areas  were  avail¬ 
able  on  each  panel. 

Appreciable  scatter  in  results  was  observed  for  all  types  of  specimens.  In 
addition,  several  modes  of  failure  were  also  obse  rved.  These  included  spalling 
due  to  thermal  shock  during  the  heating  cycle,  partial  separation  of  the  coating 
from  the  base  metal  due  to  poor  adhesion  permitting  mechanical  removal  of  the 
coating,  cracking  of  the  coating,  and  actual  melting  of  the  coating.  As  a  result  of 


the  large  amount  of  data  acquired,  statistical  analysis  based  upon  the  probability 
of  failure  at  less  than  a  given  number  of  cycles  was  utilized  to  evaluate  the  thermal 
shock  test  results.  A  probability  plot  of  these  data  is  presented  in  Figure  2.  This 
plot  has  as  its  abscissa  the  percentage  of  specimens  expected  to  fail  at  less  Chan 
the  indicated  number  of  cycles  and  the  total  number  of  cycles  as  its  ordinate. 
Curves  are  shown  for  Rokide  Z  coated  sections  obtained  from  Reaction  Motors 
Division  of  Thiokol  Chemical  Corporation  and  for  various  experimental  coatings 
applied  by  Plasmakote  Corporation.  A  description  of  the  Plasmakofe  coatings 
may  be  found  in  Table  1.  From  Figure  2  the  Plasmakote  samples  number  21,  22, 
23,  and  24  appear  decidedly  superior  to  all  others  evaluated  in  this  particular  test. 

In  order  to  evaluate  heat  transfer  rates  through  these  various  coatings  1/2 
inch  diameter  347  stainless  steel  tubes  were  sprayed  with  these  various  coatings 
and  exposed  to  the  arc-plasma  effluent.  A  differential  thermocouple  circuit  was 
employed  to  measure  the  temperature  increase  of  the  cooling  water  flowing 
through  the  tubes.  In  this  manner  a  value  for  q,  the  rate  of  heat  transfer  to  the 
water  in  Btu/sec.  ,  could  be  determined.  In  general  the  Plasmakote  gradated 
coatings  were  comparable  to  Rokide  Z  and  no  serious  heat  transfer  problems 
appear  likely. 

Studies  have  indicated  gradated  type  coatings  may  offer  a  decided  improve¬ 
ment  in  ceramic  to  metal  bond  strengths.  Preliminary  evaluation  of  a  100% 
alumina  coating  and  a  50%  alumina  -  50%  nickel  gradation,  both  on  an  Inconel  sub¬ 
strate  and  utilizing  vario.:s  grit  blasting  media,  indicated  a  higher  bond  strength 
for  the  gradated  material.  Experimental  techniques  were  such  that  the  gradated 
type  coating  usually  failed. at  an  adhesive  bonded  surface  rather  than  the  ceramic/ 
metal  interface,  while  the  100%  alumina  coating  consistently  failed  at  this  ihterr 
face. 


Further  studies  are  currently  planned  to  attempt  a  correlation  of  bond  strength 
and  thermal  shock  resistance  for  some  of  those  coatings  evaluated  in  the  X-15 
program. 

3.  COATINGS  FOR  REFRACTORY  M.FTALS 

Two  types  of  test  for  evaluating  the  oxidation  protection  afforded  refractory 
metals  by  various  coatings  have  been  established.  Both  tests  utilize  the  arc - 
plasma-jet  as  a  heat  source.  The  first  test  consists  of  exposing  a  specimeri  at 
increasing  heat  flux  levels  for  a  period  of  time,  usually  five  minutes  at  each  level 
until  failure.  Front  surface  temperatures  are  monitored  by  an  optical  pyrometer 
and  a  total  radiation  pyrometer,  while  back  surface  temperatures  are  determined 
by  a  Shawmeter,  thereby  avoiding  possible  reactions  between  the  coating  and  a 
contact  thermocouple. 

The  second  test  is  intended  to  supplement  the  first  by  introducing  the  addi¬ 
tional  factor  of  thermal  cycling.  Test  conditions  are  similar  to  those  utilized  in 
the  first  test,  except  the  specimen  is  heated  for  20  seconds  and  cooled  for  20 
seconds  and  this  thermal  cycling  continued  until  failure  or  until  a  maximum  of 
15  cycles  have  been  accomplished  at  a  given  heat  flux  rate.  Heat  flux  is  incre¬ 
mentally  increased  until  failure  occurs..  Front  and  back  surface  temperatures 
are  monitored  as  described  previously. 

An  alternative  method  for  these  tests  is  to  establish  the  testing  levels  based 
on  the  surface  temperature  of  the  specimen.  In  the  few  preliminary  tests  to  be 


described  in  this  report,  this  surface  temperature  technique  was  utilized.  There 
are,  however,  serious  limitations  to  this  method  which  make  the  thermal  flux 
rate  a  more  desirable  standard  since  it  is  insensitive  to  specimen  emittance. 

When  emittance  is  unknown,  surface  temperature  becomes  an  extremely  nebulous 
value  since  true  temperature  cannot  be  determined.  If  the  environment  is  stand - 
ardizedhy  measuring  the  heat  flux  rate  to  a  water  cooled,  copper  calorimeter 
surface  temperatures  measured  will  be  an  indication  of  the  surface  emittance  of 
the  sample  and  all  materials  will  be  evaluated  in  an  essentially  constant  environ¬ 
ment. 

A  aeries  of  coated  Ta-10%  W  sheet  sarhples  have  been  evaluated  by  the  sur¬ 
face  temperature  method  described  above.  These  2x2  inch  sheet  specimens  were 
coated  with  an  Al-Sn  mixture.  Sheet  samples  of  colvunblum,  molybdenum,  and 
tungsten  with  similar  type  coatings  were  also  evaluated. 

The  continuous  exposure  test  (Type  1)  on  the  coated  Ta-J  0%  W  alloy  indi¬ 
cated  the  coating  afforded  adequate  protection  of  the  substrate  at  temperatures  up 
to  3340  F  for  5  minutes.  A  similar  coating  provided  comparable  protection  for 
molybdenum  and  tungsten,,  although  a  columbium  specimen  failed  at  282  0°F  after 
very  short-term  exposure. 

^Thermal  cycling  of  the  coated  Ta-Tro%  W  alloy  produced  failure  at  about 
2900  F  in  5  of  6  tests,  the  one  exception  being  a  failure  at  3150°F.  A  single 
molybdenum  specimen  survived  15  thermal  cycles  at  3270°F,  but-failed  on  fur¬ 
ther  heating  to  345  0°F. 

Additional  samples  representing  commercial  q.r.semi-commercial  coatings 
for  molybdenum  and  tantalum  are  presently  available  and  will  be  evaluated  in  the 
near  future.  These  tests  will  be  performed  in  a  constant  ertYirphi^ent  based  upon 
thermal  heat  flux  to  a  water  cooled,  copper  carp.rimet'er; 

4.  OTHER  TESTING 

In.addition  to  the  previously  des.cribed  tests  a  number  of  other  "standard" 
type  tests  were  conducted  according  to  the  procedure  ouliined  by  the  subcommittee 
of  this  Working  Group.  Materials  evaluated  have  included  ablative  systems, 
elastomers,  and  heat  sink  type  materials.  Since  most  of  these  materials  are  pro¬ 
prietary  in  nature  the  results  will  not  be  reported. 

Only  one  additional  laboratory  has  reported  further  results  on  the  group  of 
standard  materials  sent  out  for  "round-robin"  testing.  Preliminary  test  data 
lave  been  submitted  for  statistical  analysis  by  University  of  Dayton  personnel. 

The  basic  problem  of  insufficient  data  under  identical  conditions  still  presents 
considerable  difficulty  in  this  analysis,  however,  because  of  the  poorly  defined 
limits  of  experimental  error.  Attempts  will  be  made,  neverthele.es,  to  analyze 
the  data  statistically  and  determine  which  environmental  parameters  and  specimen 
performance  data  are  of  primary  significance  and  to  ultimately  evaluate  the  data 
from  all  participating  laboratories. 

In  conjunction  with  evaluation  programs  for  ablative  materials  a  rod  type 
specimen  configuration  has  been  experimentally  determined  which  provides  essen¬ 
tially  linear  ablation  independent  of  the  ablation  mechanism. 
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Arc-Effluent  Measurements 


The  accurate  definition  of  environmental  parameters  is  important  in  a  ma¬ 
terials  screening  test  for  meaningful  comparisons  of  specimen  performance. 

The  basic  effluent  properties  now  being  measured  in  the  screening  test  are 
heat  flux  and  stagnation  pressure  at  the  sample  location  and  enthaipy  at  the  nozzle 
exit.  Heat  flux  is  measured  with  a  1/2  inch  diameter  cold  wall  copper  calorimeter 
and  stagnation  pressure  with  a  large,  flat  face  water  cooled  pitot  tube,  both  of  the 
designs  recommended  by  the  subcommittee  on  screening  tests.  It  is  generally 
recognized  that  neither  design  is  completely  satisfactory  and  that  measurements 
with  these  instruments  could  be  misleading  and  contain  serious  inaccuracies. 
Nevertheless,  since  no  more  convenient  means  of  obtaining  these  measurements 
is  now  available,  these  designs  have  been  established  as  intermediate  standards. 

Effluent  enthalpy  at  the  torch  exit  is  useful  only  as  a  relative  quantity,  since 
air  entrainment,  recombination  and  radiation  losses  extract  a  significant  portion 
of  the  effluent  energy  before  it  reaches  the  sample.  Knowledge  of  enthalpy  and 
effective  temperature  at  the  sample  would  enhance  the  value  of  the  data.  Some 
experimental  efforts  have  been  directed  toward  a  better  evaluation  of  the  effluent 
properties.  Temperature  profiles  (Figure  3)  for  relatively  low  power  operation 
of  the  arc  have  been  obtained  with  a  transient  probe  shown  in  Figure  4.  This 
probe  consisted  of  an  equispaced  array  of  chromel-alumel  thermocouples. 
Temperature -time  histories  of  each  thermocouple  were  obtained  at  several  loca¬ 
tions  in  the  cooler  regions  of  the  effluent  to  determine  the  relationship  between 
thermocouple  response  time  and  equilibrium  temperature.  Effluent  temperatures 
were  then  determined  in  the  hotter  regions  of  the  stream  as  a  function  of  response 
time  for  short-term  exposures  of  the  probe. 

Pressure  distributions  within  the  effluent  have  been  measured  with  a  pointed 
water  cooled  pitot  tube  assembly  (Figure  5)  designed  to  reduce  the  flow  disturb¬ 
ance  incurred  with  use  of  the  "standard"  pitot  tube.  A  typical  pressure  profile 
obtained  with  this  instrument  is  shown  in  Figure  6., 

Various  calorimeter  designs  both  the  hot  and  cold  wall  variety  as  well  as 
smaller  pitot  tube  assemblies  are  being  considered.  Methods  for  determining 
air  entrainment  and  the  quality  of  effluent  mixing  are  also  under  consideration. 

Freeman  of  American  Cyanamid^  has  reported  a  probe  for  measuring  tem¬ 
perature  and  enthalpy  as  a  function  of  effluent  conductivity,  a  technique  which 
according  to  the  author  appears  to  be  independent  of  effluent  pressure  and  com¬ 
position.  Application  of  such  a  probe  has  been  evaluated  in  preliminary  tests; 
however,  additional  testing  will  be  required  to  adequately  explore  the  possibilities 
of  such  a  technique. 

New  Arc-Plasma- Jet  Facility 

With  the  present  50  KW  plasma-jet,  screening  tests  have  been  limited  to  a 
maximum  heat  flux  of  500  Btu/ft^-sec.  To  extend  this  limit  to  approximately 


"Plasma  Jet  Diagnosis  Utilizing  the  Ablating  Probe,  "  M.  P.  Freeman,  American 
Cyanamid  Co.  ,  Stamford,  Conn.  ,  presented  at  the  Symposium  on  Temperature  Its 


Measurement  and  Control  in  Science  and  Industry, 
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1000  Btu/ft^-sec.  and  also  to  develop  a  test  capability  for  larger  specimen  con¬ 
figurations  a  plasma-jet  designed  for  operation  in  the  range  of  20  to  150  KW  is 
being  installed  at  the  University. 

The  new  facility  consists  of  a  Plasmadyne  M-4  torch  with  nitrogen  electrodes 
modified  to  produce  a  1/2  inch  diameter  effluent.  DC  power  for  this  unit  will  be 
supplied  by  16  Miller  rectifiers.  In  preliminary  tests  this  unit  has  been  operated 
to  90  KV''  at  a  nitrogen  flow  rate  of  0.0086  lb.  /sec.  (7.  0  SC  FM).  The  operating 
efficiency  at  this  power  level  was  62%  and  the  effluent  enthalpy  calculated  at  the 
front  electrode  exit  was  6000  Btu/lb. 

Techniques  for  air  simulation  similar  to  those  now  employed  with  the  50  KW 
unit  will  be  applied  to  the  new  torch.  While  primarily  intended  for  nitrogen  and 
simulated  air  tests,  the  arc  controls  and  power  supply  have  been  designed  for 
operation  with  other  gases. 

The  50  KW  plasma-jet  will  continue  to  play  an  active  role  ir  research  pro¬ 
grams  at  the  University.  While  the  bulk  of  materials  testing  will  be  shifted  to  the 
new  facility,  electrode  and  diagnostic  probe  development  efforts  will  be  pursued 
vith  the  smaller  unit. 
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I .  INTRODUCTI ON 


Several  projects  in  this  field  have  been  carried  on 
BY  Harvey  Engineering  Laboratories  since  the  last  Refractory 
Composites  Working  Group  Meeting  sponsored  by  WADO  and  NASA 
AT  Cincinnati,  Ohio,  in  November  \^6o» 

Those  projects  which  may  be  of  interest  to  the  Group 

ARE  REPORTED  IN  THE  FOLLOWING  SIX  SECTIONS* 


II .  GRAPHITE  NOZZLE  COATING 


An  experimental  coating  was  developed  and  applied  to 

GRAPHITE  NOZZLE  INSERTS  FOR  USE  IN  A  SOLID  PROPELLANT  ROCKET, 

This  coating  was  applied  by  the  plasma  torch  and  consisted  of 

TWO  LAYERS.  FIRST,  TANTALUM  METAL  WAS  APPLIED  TO  THE'  GRAPHITE 

SURFACE.  This  layer  was  .003”  to  .005”  thick  and  served  as  a 

BONO  BETWEEN  THE  OUTER  LAYER  AND  THE  GRAPHITE.  It  ALSO  PRO¬ 
VIDED  A  SUBSTANCE  IN  CONTACT  WITH  THE  GRAPHITE  THAT  HAD  NO 
TENDENCY  TO  REACT  CHEMICALLY  WITH  THE  GRAPHITE  OR  WITH  THE 

OUTER  layer.  The  second  layer  was  composed  of  a  mixture  of 

505^  HAFNIUM  OXIDE  (HFOg)  AND  ^0^  THORIUM  OXIDE  (Th02)  FORMED 
BY  MIXING  THE  POWDERS  BEFORE  PLASMA  FLAME  DEPOSITION. 

While  the  phase  diagram  of  Hf02  -  THO2  is  soi^ewhat 

INDEFINITE  IT  APPEARS  THAT  THE  5^-5^  COMPOS  I T I  ON'  HAS  A  SHORT 
RANGE  BETWEEN  THE  LIQUIOUS  AND  SOLIDUS  LINES  (lESS  THAN 

IOQOC)  and  the  whole  coating  will  have  a  melting  point  in 

THE  VICINITY  OF  3000^^^* 

The  oxides  were  applied  to  a  thickness  of  approximately 
.030”.  Simple  thermal  tests  on  this  coating  indicated  good 

RESISTANCE  TO  THERMAL  SHOCK.  THIS  IS  QUITE  A  CONTRAST  TO  A 
lOOj^  THORIUM  OXIDE  COATING  WHICH  IS  QUITE  SHOCK  SENSITIVE. 

Reports  on  the  service  tests  of  these  coated  nozzle  inserts 
ARE  NOT  available  AT  THIS  TIME. 


Ml.  AtgOo  COATINGS  FOR  NOZZLES 


In  A  SOrCWHA’f  SIMILAR  APPLICATION  TO  THAJ  DESCR  I  BED 

IN  Section  II,  a  quantity  of  steel  nozzles  and  bulkheads 

HAVE  BEEN  COATED  WITH  THE  USUAL  AL2O2  PROTECTIVE  COATING 

This  coating  has  been  applied  in  the  customary  way  with 

THE  OXY-ACETYLENE  TORCH  AND,  WITH  THE  PROPER  TECHNIQUES, 
VERY  GOOD  COATINGS  CAN  BE  SECURED.  HOWEVER,  IT  HAS  BEEN 
FOUND  THAT  APPRECIABLE  IMPROVEMENT  IN  BOTH  THE  DENSITY 
AND  THE  hardness  OF  THE  COATING  CAN  BE  ACHIEVED  BY  AN 
ADDED  OPERATION.  If  A  LOW  VELOCITY  PLASMA  FLAME  IS 
PLAYED  ON  THE  COAtlNG  FOR  A  VERY  SHORT  PERIOD  OF  TIME 

(15-30  seconds)  a  glazing  effect  is  obtained  from 

FUSION  OF  THE  OUTER  SURFACE  OF  THE  COATING,  AGAIN, 

NO  SERVICE  RESULTS  ARE  AVAILABLE  BUT  IT  APPEARS 
OBVIOUS  THAT  THIS  IS  MORE  PROTECTIVE  THAN  THE  USUAL 
ALUMINA  COATING, 


HIGH  REFRACTIVE  INDEX  GLASS 


Some  work  has  been  carried  on  in  cooperat-ion  with 
Nuclear  Corporatlon  of  America  in  the  development  of 
GLASSES  HIGH  IN  RARE  EARTH  OXIDE  CONTENT.  SUCH  GLASS 
WILL  HAVE  A  VERY  H I GH  REFRACT  I VE  INDEX.  Re-MELTTNG 
IMPROVES  THE  CLARITY  OF  THE  GLASS.  SEVERAL  COMPO¬ 
SITIONS  WERE  MELTED  WITH  THE  LOW  VELOCITY  PLASMA  FLAME. 
No  DIFFICULTY  WAS  ENCOUNTERED  IN  MELTING  THIS  MATERIAL 
BUT  THE  DIRECT  APPLICATION  OF  THE  F.LAME  TO  THE  MATERhAL 
CAUSED  BUBBLI.NG  AS  THE  -MELTING  OCCURRED  BECAUSE,  THE  GA§ 
VELOCITY  WAS  STI.-LL,  TOO  HIGH  TO  PERMIT  -QUIET  MELTING.. 
SUFFICIENT;  -CLEAR  GLA:SS  WAS  OBTAINED  TO  INDICATE  THAT ’ 
THE  COMPOSITIONS  AND  THE  PROCESS  HAVE  CONSIDERABLE 
MERIT.  Further  EXPER  I  MENTS  ARE  PLANNED  T  N  vWH  I  CH  THE- 
GLASS  WILL  BE  CONTAINED  IN  A  CRUCil  BL,E  THAT  IS  I  N^  A 
CHAMBER.  The  plasma  FLAME  WILL  BE  USED  TO  HEAT  THE. 
ENTIRE  chamber  AND  CRUCIBLE  TO  A  TEMPERATURE  AT  WHICH 
THE  GLASS  WILL  MELT  AND  CONSOLIDATE. 
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VI .  COATINGS  FOR  EXTRUSION  DIES 

During  recent  months  an  important  contribution 

TO  THE  "state  OF  THE  ARt"  HAS  BEEN  ACHIEVED  BY  THE 
USE  OF  CERAMIC  FACED  DIES  FOR  HIGH  TEMPERATURE 
EXTRUSION.  Dies  coated  with  aluminum  oxide  extended 
THE  practical  EXTRUSION  TEMPERATURE  RANGE  TO  32000F 
AND,  RECENTLY,  THE  USE  OF  ZIRCONIUM  OXIDE  FACINGS 
HAS  extended  this  RANGE  TO  AT  LEAST  4l50°F. 

Although  higher  temperatures  are  undoubtedly 

POSSIBLE,  THEY  HAVE  NOT  YET  BEEN  ATTEMPTED, 

In  contrast  with  the  high  speed  steel  dies 

PREVIOUSLY  USED  FOR  THIS  WORK  WHICH  WASHED  AS  MUCH 
AS  1/4"  WHILE  PRODUCING  A  SINGLE  EXTRUSION  20"  LONG 
AT  A  TEMPERATURE  OF  2800°F,  A  CERAMIC  (^IRCONIa) 
FACED  DIE  WILL  CONSISTENTLY  PRODUCE  A  &>•<  OVER  40" 
LONG  AT  TEMPERATURES  ABOVE  4l00°F  WITH  ^  DIAMETRAL 
VARIATION  OF  ONLY  *  0,005"  OVER  THE  40"  LENGTH, 

It  was  also  FOUND  THAT  SUCH  DIES  CAN  FREQUENTLY  BE 
USED  FOR  MORE  THAN  ONE  EXTRUSION  WITHOUT  RECOATING; 
AND  WHEN  THE  DIE  COATING  IS  DAMAGED  DURING  EXTRUSION 
IT  IS  EASILY  restored  TO  ACCEPTABLE  CONDITION  BY 
RECOATING,  If  THE  DIE  COATING  IS  PROPERLY  APPLIED 
IT  Is  SELDOM  NECESSARY  TO  DISCARD  A  DIE  BLANK 
BECAUSE  OF  DAMAGE  RESULTING  FROM  EXTRUSIOM, 
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Various  coating  methods  and  materials  have 

BEEN  TESTED  WITH  VARYING  DEGREES  OF  SUCCESS. 

They  are  as  follows: 

Flame  Sprayed  Aluminum  Oxide  Powder 

Acceptable  coatings  have  been  applied  but  are 

DIFFICULT  TO  ACHIEVE,  ARE  LESS  CONSISTENT,  AND  ARE 
LESS  ADHERENT  THAN  COATINGS  APPLIED  BY  OTHER  METHODS, 

Flame  Sprayed  Aluminum  Oxide  Rod  (Rokide) 

This  coating  has  been  adopted  for  process  work 
BELOW  3200°F.  It  is  inexpensive,  relatively  easy 
to  apply  consistently  by  an  experienced  operator, 
and  PRODUCES  A  DEPENDABLE  COATING, 

Flame  Sprayed  Zirconium  Silicate  Rod  (Rokide) 

Although  this  coating  has  some  of  the  virtues 
of  the  above  AL2O2  coating,  the  material  has  a 

GLASSY  PHASE  AT  3000°F  AND  THUS  IS  SUITABLE  ONLY 
FOR  RELATIVELY  LOW  TEMPERATURES. 

Flame  Sprayed  Zirconium  Oxide  Rod  (Rokide) 

Has  been  adopted  for  high  temperature  process  work 

AND  CAN  BE  USED  INTERCHANGEABLY  WITH  tHE  ALgO^  ROD 

SPRAY  COATING  AT  LOWER  TEMPERATURES,  It  IS  SOMEWHAT 
MORE  DIFFICULT  TO  APPLY  AND  SLIGHTLY  MORE  EXPENSIVE 
THAN  AL2O3,  BUT  IS  OTHERWISE  HIGHLY  ACCEPTABLE, 
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Arc  Plasma  Sprayed  Zirconium  Oxide  Powder 

Although  this  coating  is  somewhat  superior 

TO  THE  ABOVE  IN  TERMS  OF  BONO  STRENGTH  AND  COATING 
DENSITY,  IT  HAS  BEEN  USED  IN  ONLY  A  FEW  TESTS 
BECAUSE  OF  ITS  HIGHER  APPLICATION  COST.  HOWEVER, 
SINCE  HIGHER  TEMPERATURE  MATERIALS  CAN  BE  APPLIED 
WITH  THE  PLASMA  FLAME,  IT  HAS  A  GREAT  DEAL  OF 
PROMISE  FOR  FUTURE  WORK. 

Difficulties  in  obtaining  consistently  adherent 

CERAMIC  FACINGS  HAVE  BEEN  ENCOUNTERED  BECAUSE  OF  THE 
necessity  of  developing  coating  TECHNIQUES,  THROUGH 
EXPERIENCE  WITH  THE  PROCESS,  IT  WAS  FOUND  THAT 
REJECTIONS  CAN  BE  REDUCED  IF  CLOSE  C,>NTROL  IS 
EXERCISED  AS  FOLLOWS: 

I.  Surface  Preparation:  The  most  critical 

STEP  IN  THE  COATING  PROCESS  IS  THE  PREPARATION  OF  A 
ROUGH  SURFACE  WHICH  PROVIDES  THE  BASIS  FOR  A  GOOD 
MECHANICAL  BOND  BETWEEN  DIE  STEEL  AND  THE  SUBSEQUENT 
COATING.  The  steel  blank  MUST  BE  ROUGH  MACHINED  NO 
SMOOTHER  THAN  RMS-200  AND  IT  SHOULD  tlv-  DE  HARDER 
THAN  Rc46  to  permit  SUBSEQUENT  GRIT  BLASTING,  It 
SHOULD  BE  WELL  BLASTED,  AT  A  45°  ANGLE,  WITH  #G-l8 
STEEL  GRIT  TO  PRODUCE  A  VERY  ROUGH  SURFACE  WITH  SOME 
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UNDERCUTTING  IF  POSSIBLE.  TO  ACHIEVE  THE  REQUIRED 
ROUGHNESS,  CENTRIFUGAL  PRESSURE  BLASTING  EQUIPMENT 
IN  TOP  OPERATING  CONDITION  WITH;/.  '^AST  110  POUNDS 
AVAILABLE  PRESSURE  SHOULD  (.  BLASTING, 

THE  DIE  FACE  SHOULD  NOT  BE  TOUc  WITH  BARE  HANDS, 
OILY  RAGS,  ETC.,  UNTIL  COMPLETELY  COATED. 

2.  Application  of  Unt  ' '  at:  A  flash 
COATING  OF  nickel-chromium  ALLOY  IS  USED  BETWEEN  ^ 

THE  DIE  SURFACE  AND  THE  CER.'i^'IC  MATERIAL  Tp  {a)'PRO- 
VIDE  CORROSION  RESISTANCE  AND  (b)  TO'  PROMOTE  BONDISNG. 

Care  must  be  exerci  sed  to  keep  thi  s  coati  ng,  thi  N  :(tNof 

MORE  THAN  0.005");  A  HEAVY  COATING  WILL  FILL  THE 
ROUGH  STEEL  SURFACE  AND  PREVENT  MECHANICAL  BONOINCi 

3.  ApplicaT'IOn  of  Ceramic  Coating:' 

Operator  technique  is  critical  in  this  final  operation 
With  all  of  the  processes  investigated,  acceptable 

RESULTS  HAVE  BEEN  CONSISTENTLY  PRODUCED  ONLY  BY 
EXPERIENCED  OPERATORS, 

In  addition  to  improved  die  life  and  a  marked 

INCREASE  IN  THE  PRAC T I  CAL  EXTRUS I  ON  TEMPERATURE  RANGE, 
THE  USE  OF  CERAMIC  FACED  DIES  HAS  RESULTED  IN  A 
GENERAL  REDUCTION  OF  EXTRUSION  PRESSURES,  A  MORE 
RELIABLE  CORRELATION  OF  EXTRUSION  PRESSURES  AND 


TEMPERATURES  (:EST  I.MATiON  OF  THE  K  FACTOR ),  HAS 
ALSO  BEEN  PROVIDED  AS  WELL  AS  MARKED  IMPROVEMENT 
IN  THE  surface  CONDITION  OF  AS-EXTRUDED  BARS.  ThE 
CONCURRENT  USE  OF  A  RELATIVELY  SOFT  DIE  STEEL  BLANK 
THAT  IS  HELD  INSIDE  OF  THE  MASSIVE  CONTAINER  HAS 
eliminated  D'-'  BREAKAGE  AND  THE  USUAL  D  I  F;F  I  CULT  I  ES 
ASSOCIATED  THEREWITH. 

To  supplement  the  INVESTIGATION  OF  DIE  COATING 
materials  AND  METHODS,  A  STUDY  OF  D I E  DESIGNS 
INCORPORATING  VARIOUS  ENTRANCE  ANGLES  HAS  BEEN  MADE. 
The  STANDARD  DIE  USED  IN  THIS  PROJECT  HAS  A  ^0^ 
INCLUDED  ANGLE  APPROACH.  SINCE  DIES  HAVING  GREATER 
ANGLES  ARE  WIDELY  USED  THROUGHOUT  THE  EXTRUSION  INDUS¬ 
TRY,  A  TEST  OF  THE  VALIDITY  OF  THIS  ANGLE  SEEMED  TO 
BE  IN  ORDER.  ENTRANCE  ANGLES  oF  110°  AND  130°  HERE 
USED,  AND  EACH  WAS  HUN  IN  DIRECT  COMPARISON  WITH  A 
90°  DIE  UNDER  THE  SAME  CONDITIONS.  THE  RESULTS  ARE 
AS  FOLLOWSl 


Die 

Entrance 

Angle 

Extrusion 

Number 

Mater i al 

Temp 

OF 

Start 

Tons 

1  10° 

318 

W4>IOMo4-.blC 

3000 

610 

90° 

307 

W+IOMo-i-.OIC 

3000 

518 

130° 

355 

M04-.5OT14-.08ZR 

2800 

518 

900 

354 

4.. 25c 

M04-.50T1  4-.o8zr 

2800 

426 

4-.  025c 
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Fair 

Surface 

Smooth 

Surface 

Smooth 

Surface 

Smooth 

Surface 


The  advantage  in  using  the  9®  approach  die  is,  of 

COURSE,  the  marked  REDUCTION  IN  STARTING  FORCE,  THE 
tungsten  alloy  at  3000‘^F  REQUIRED  \Q%  MORE  STARTING 
FORCE  FOR  THE  110°  DIE  THAN  IT  DID  FOR  THE  9^° 

AND  THE  MOLYBDENUM  ALLOY  AT  2800°F  REQUIRED  22$^  MORE 
STARTING  FORCE  FOR  THE  1 30*^  0 1  E  THAN  IT  DID  FOR.  90° 

DIE.  An  additional  advantage  of  the  90°  DIE. IS  THAT 
THE  BAR  IS  COMPLETELY  EJECTED  AT  THE  END  OF  EXTRUSION 

Dies  WITH  wider  angles  are  not  as  effective  in  this 

WAY,  AND  THEY  FREQUENTLY  RESULT  IN  THE  EXTRUDED  BAR 
remaining  attached  to  the  due  .VinCH  PRESENTS  A 
REMOVAL  PROBLEM  AND  PARTICULARLY  INTERFERES  WITH 
PLACING  THE  HOT  EXTRUDED  BAR  INTO  A  SLOW  COOLING 
MEDIUM,  The  die  coating  is  also  MORE  SUBJECT  TO 
CHIPPING  AND  PEELING  WHEN  THE  TAIL  OF  THE  BAR 
STICKS  IN  THE  DIE,  AND  CONSEQUENTLY  DIE  LIFE  IS 
GENERALLY  SHORTENED. 

Some  difficulties  have  been  encountered  in 

APPLYING  CERAMIC  FACINGS  TO  DIES  FOR  PRODUCING 
WIDE  FLAT  BARS,  DUE  TO  THE  DEEP  NARROW  SIDES. 

Further  efforts  with  coating  techniques  have 

RESULTED  IN  PRODUCING  RECTANGULAR  DIES  THAT  ARE 

t:s  serviceable  as  comparable  round  DIES,  However, 

MORE  caution  SHOULD  BE  EXERCISED  TO  PREVENT  OVERUSE 
BECAUSE  OF  THE  HIGHER  INITIAL  COST. 


The  most  difficult  refractory  alloy  shapes  that 
HAVE  been  extruded  DURING  THIS  PROJECT  HAVE  BEEN  AN 
8:1  RECTANGULAR  BAR,  2”  X  j/l6"  AND  AN  l8,8: I  ROUND 
BAR  OF  0,706”  DIAMETER.  BOTH  HAVE  BEEN  EXTRUDED 
THROUGH  CERAMIC  FACED  STEEL  DIES  WITH  A  CONICAL 
ENTRANCE  A.  IT  IS  POSTULATED  THAT  WITH  CAREFUL 
CONSIDERATION  THIS  DESIGN  COULD  BE  EXTRAPOLATED 
FOR  USE  IN  THE  EXTRUSION  OF  A  MORE  COMPLEX  SHAPE. 


VII .  HEAT  TRANSFER  STUDIES 

A  SOMEWHAT  related  PROJECT  WHICH  DIO  NOT, 
HOWEVER,  INVOLVE  COATINGS  WAS  A  STUDY  OF  THE  RATE 
OF  HEAT  TRANSFER  THROUGH  VARIOUS  TYPES  OF  SOIL. 

Various  plasma  nozzles  were  employed, i ncluo • ng 

THE  USUAL  HIGH  VELOCITY  NOZZLE,  THE  LOW  VELOCITY 
NOZZLE  AND  THE  TRANSFERRED  ARC  TORCH.  A  NUMBER 
OF  DIFFERENT  GASES  AND  GAS  COMBINATIONS  WERE  ALSO 
USED.  By  far  the  best  RESULTS  WERE  OBTAINED  WITH 
THE  LOW  velocity  PLASMA  FLAME. 


The  Hypertherraal  Research  Facility  (HRF)  is  currently  undergoing 
design  and  construction  at  GD/FW  and  is  expected  to  be  in  check¬ 
out  and  calibration  in  the  fall  of  1961.  Figure  1  is  a  schematic 
of  the  facility.  It  vill  be  a  high  enthalpy,  free-  jet  hypersonic 
tunnel,  and  will  use  high  pressure  air  as  the  primary  working 
fluid.  The  air  will  be  heated  in  a  magnetically  stabilized 
electric  arc  plasma  generator,  expand  through  an  axisymmetric 
nozzle  into  a  free  jet  test  section,  and  exhaust  to  the  atmosphere 
through  a  diffuser,  cooling  section,  and  steam  jet  ejector  system. 
The  plasma  generator  was  designed  and  fabricated  by  Vldya,  Inc., 
to  GD/FVT  specifications. 

Intended  applications  of  the  HRF  include  ablation  studies,  simu¬ 
lation  of  the  thermal  environment  of  high  temperature  structures, 
materials  and  vehicles,  heat  transfer  and  pressure  distribution 
measurements,  research  on  flow  characteristics  of  high  energy 
gases,  and  similar  aero- thermodynamic  studies.  Rxmning  times 
ranging  from  several  seconds  to  several  minutes  are  required  for 
adequate  simulation  of  these  phenomena.  To  accomplish  these  ob¬ 
jectives  it  was  necessary  to  design  the  facility  to  operate  at 
hl^  enthalpy  levels  and  high  Mach  munbers.  Particular  emphasis 
was  placed  on  simulating  stagnation  point  heat  transfer  rates 
on  reasonably  sized  models  at  total  enthalpies  corresponding  to 
actual  flight  conditions. 

The  facility  will  also  be  capable  of  low  temperature  operation 
(below  dissociation  levels)  and  will  thus  be  extremely  useful  as 
a  conventional  hypersonic  wind  tunnel. 

Predicted  capabilities  of  the  HRF  are: 

(1)  Air  supply  pressure  -  1  to  30  Atm 

(2)  Stream  total  enthalpy  -  500  to  10,000  Btu/lb  at  max.  air 

supply  pressure 

500  to  15,000  BtiV^lb  at  lower  pressure 

(3)  Maximum  test  section  Mach  number  -  15  to  20 

(il.)  Maximum  power  input  -  1.8  megawatts  D.C. 

(5)  Running  time  -  3  minutes  at  max.  power,  continuous  at  half 

power 

With  the  Initial  nozzle,  the  performance  is  predicted  to  be  as 
follows: 

(1)  Nozzle  exit  diameter  -  8  Inches 
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(2)  Air  supply  pressure  -  I4.6O  psia 

(3)  Test  section  Mach  number  -  12. ^ 

().i.)  Maximum  test  section  total  enthalpy  -  8,000  to  10 j 000  Btu/lb. 

Currently  the  installation  of  most  of  the  major  components  of  the 
HRP  is  complete.  Operation  will  begin  when  the  plasma  generator 
and  nozzle  are  received  from  the  subcontractors. 

Ini.  ially,  calculations  of  the  expansion  process  In  the  nozzle 
assumed  chemical  end  thermodynamic  equilibrium  throughout. 

However,  later  analytical  and  experimental  work  has  Indicated  that 
the  chemical  composition  of  tte  flow  will  ’’freeze”  at  some  point 
in  the  nozzle.  Current  calculations,  based  oh  the  studies  of 
K.N.C.  ‘Bray  (Ref.  1  ),  predict  chemical  freezing  upstreain  of  the 
throat  for  pienum..conditiprit  of  ld,'060  Btu/lb’ enthalpy  and  30 
atm.  pressure.  The  effect  of  freezing  on  test  section  conditions 
is  to  lower  the  static  pressure  and  temperature  arid  to  increase 
the ‘Mach  number.  ' ''Alsfo,  the  problem  of  making  measurements 
adequate  t’o  deftrie  test  section  conditions  becomes  more  compli¬ 
cated  .  ,  '  '  *-  ■  •  '  .  ' 

Early  iri  'the  program  It  became  apparerit  that  convective  heat 
transfer  rates  from  the  hot  gas  to  the  nozzle  walls  would  be  very 
high,  particularly  at  the  throat  section.  ’ Therefore,  an  exten¬ 
sive  literature  survey  was  conducted,  which  .reyealed  several 
methods  tor  prbdictirig  nozzle  conyec^i've  heat  trarisferj  .however/ 
norie  had'been  vef-lfie'd  for  the  extreme  conditions  t.5  be  experibriced 
in  the  HRF  nozzle,  '^he  approximate  solutiori’ of ''Bartz  ’(Ref .  '2)  ■ 
was  used.  Invest igatioris-  of  radiant  heat  transfer  from  the  gas 
CO  the  nozzle  reYealed  that  radiative  losses  would  be  negligible 
in  the  divergent  section  but  would  be  yery  high  in  the  plenum 
chamber  and  convergent  section  where  the  static  temperature  and 
pressure  are  high. 

Based  on  predicted  heat  transfer  rates,  it  was  found  that  heat 
transfer  coefficients  sufficiently  large  to  prevent  melting  of 
the  nozzle  wall  could  riot  be  obtained  on  thv»  coolant  (water)  side 
using  ordinary  forced  convection.  Therefore,  the  best  available 
empirical  data  on  forced  convective  nucleate  boiling  and  burnout 
were  used  to  design  the  cooling  passages.  In  the  critical  area 
around  the  throat  the  water  velocity  was  optimized  according  to 
the  well  known  Gunther  correlation  (Ref.  3)  with  a  safety  factor 
of  two  on  the  burnout  heat  flux. 

The  design  of  the  diffuser  was  based  on  experimental  correlations 
available  in  the  literature.  Due  to  the  lack  of  adequate 
theoretical  means  for  predicting  supersonic  diffuser  performance, 
a  very  simple  configuration  was  selected  which  could  be  built 
with  a  minimum  investment.  It  is  hoped  that  empirical  data  obtained 
from  inexpensive  diffusers  of  this  type  will  lead  to  a  more 
sophisticated  future  design.  With  the  initial  diffuser,  total 
pressure  recovery  greater  than: -0.6  of  normal  shock  total  pressure 
ratio  (NSPR)  is  not  expected.  Approximately  0,20  JTSPR  is  required 


HYPERTHERMAL  RESEARCH  FACILITY _  ,  PAGE  3 


to  operate  the  tunnel  with  the  initial  nozzle. 

Considerable  attention  h..  been  given  to  the  problem  of  measuring 
test  stream  flow  properties.  By  means  of  an  error  analysis 
(Ref.  Ij.)  it  was  established  that  the  quantities  which  must  be 
measured  to  yield  meaningful  accuracy  in  calculating  the  remaining 
flow  properties  are:  static  and  total  pressure,  static  temperature, 
and  the  degrees  of  dissociation  of  the  various  constituents. 

Probably  of  more  interest  to  attending  personnel  is  the  materials 
testing  capabilities  of  the  facility.  The  overall  interna] 
dimensions  of  the  test  chamber  are  four  and  one-half  feet  cubed. 

The  first  nozzle  to  be  available  will  have  a  circular  cross- 
section  and  will  provide  an  estimated  test  stream  diameter  of 
approximately  six  inches.  Nozzle  exit  diameter  is  eight  Inches. 

An  automatic  model  positioning  device  will  move  the  test  specimen 
into  position  in  0.5  sec.  and  with  reproducible  positioning 
within  6  minutes  of  a  degree.  Twenty  inch  diameter  windows  allow 
excellent  visual  observation  of  the  test  specimen  and  easy  access 
to  removal  and  insertion  of  new  specimens. 

Heat  transfer  rates  to  models  in  the  test  stream  can  be  controlled 
by  controlling  the  total  enthalpy  of  the  gas,  the  size  of  the 
model  the  total  pressure  of  the  test  stream,  and  oy  providing 
additional  nozzles  to  vary  the  test  stream  Mach  number.  With 
control  of  these  variables,  model  stagnation  point  heat  transfer 
rates  can  be  varied  from  extremely  low  values  up  to  at  least 
2000  Btu/ft‘^  sec. 

Several  special  Instrumentation  techniques  will  be  required  in  the 
HRP.  First,  spectroscopic  techniques  appear  to  offer  tht  most 
promise,  for  the  measurement  of  test  stream  static  temperatures 
and  for  determining  the  degrees  of  dissociation  of  the  constituents. 
Test  stream  static  temperatures  are  predicted  to  be  of  the-  order 
of  200-300°K  at  test  section  Mach  numbers  of  12-li;,  Second,  the 
need  to  measure  very  small  differential  temperatures  in  the  cooling 
water  circuits,  in  order  to  make  an  energy  balance,  has  prompted 
the  design  of  a  special  thermistor  bridge  which  has  demonstrated 
its  ability  to  measure  small  differential  resistance  (lie.  small  T) 
to  1,0^  accuracy.  Also,  two  types  of  water  cooled  probes  have  been 
designed  for  use  in  the  test  stream.  One  Is  a  3Q  degree  blunt 
wedge  with  static  pressure  taps  on  the  upper  and  lower  surfaces,  and 
the  other  is  a  cylinder  with  protruding  pitot  pressure  taps  along 
the  stagnation  line.  The  wedge  will  be  used  to  check  for  vorticity 
in  the  flow  and  the  cylindrical  probe  will  be  used  as  a  pitot 
pressure  rake.  Future  plans  include  the  design  and  fabrication  of 
a  cooled  calorimeter  probe,  and  a  sphere  drag  device  for  the  measure¬ 
ment  of  local  dynamic  pressure. 

It  is  anticipated  that  a  considerable  checkout  and  calibration 
effort  will  be  required  to  define  the  test  section  conditions 
prior  to  actual  model  testing.  Theoretical  work  in  this  area  is 
continuing  in  an  effort  to  develop  a  comprehensive  theory  to  pre¬ 
dict  the  nature  of  the  flow.  Such  a  theory,  with  experimental 
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verification  obtained  in  the  HRP,  would,  in  itself  be  a  significant 
contribution  to  the  state  of  the  art. 

Additional  information  pertaining  to  the  Hyperthermal  Research 
facility  may  be  obtained  by  contacting  R.  N.  Oliver,  Chief  of 
AerpthermodyharSics ,  General  Dyhamtcs/Port  ‘Worth 
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THIK  ARC-SPRAYED  SHAPES  -  III 


By 

C.  A.  Murphy,  N.  Poulos,  and  J«  D.  Walton,  Jr. 

I.  INTRODUCTION 

Again,  as  was  the  case  in  the  last  report  to  this  group,  most  of  the 
work  reported  in  this  paper  is  concerned  with  forming  thin  shapes  using  the 
arc-spray  process.  The  arc  spray  equipment  in  use  is  a  "Plasma  Flame"  F-40  Unit. 

II.  PATTERNS 

A.  Shapes  for  Physical  Properties  Measurements 

The  tubular  tensile  shape  described  in  the  last  report  has  produced  data 
with  a  deviation  as  great  as  that  obtained  with  the  hour-glass  shape.  However, 
this  shape  is  much  easier  to  fabricate  and  is  presently  being  evaluated  for 
reproducibility  using  a  completely  mechanized  spray  process.  This  is  described 
later  in  the  paper. 

B.  Mandrel's  for  Nozzle  Insert  Shells 

At  the  time  the  last  report  was  given  techniques  had  been  developed  for 
obtaining  complete  arc-sprayed  nozzle  inserts  from  tungsten.  Application  of 
these  techniques,  using  the  same  mandrel,  to  the  fabrication  of  inserts  from 
refractory  oxides  and  carbides  met  with  limited  success.  The  major  problem 
encountered  during  these  attempts  was  the  rupturing  of  the  nozzle  shell  in  the 
entrance  and  exit  cones. 

The  following  modifications  or  procedures  were  evaluated  as  means  of  reducing 
or  eliminating  this  problem. 

1.  To  reduce  the  effect  of  differential  expansion  of  the  insert  on  the 
mandrel,  the  mandrel  was  redesigned  so  that  it  was  held  together  at 


the  point  of  minimum  diameter  with  a  dowel  pin  arrarigemmt  imder  low 
spring  tension,  using  maximum  mandrel  preheat  temperatures  and 
building  up  an  arc-sprayed  shell  of  sufficient  strength  so  that  when 
the  mandrel  was  cooled  it  would  be  pulled  apart  rather  than  cracking 
the  shell.  This  design,  however,  was  not  successful- in  eliminating 
the  rupturing  of  the  nozzle  shell  in  the  entrance  and  exit  cones. 

2.  Tlie  mandrel  was  further  modified  to  increase  the  length  of  the  entran.ce 
and  exit  cone  sections  as  sho'aa  in  Fi^ire  1.  It  was  thou^t  that  by 
not  spraying  this  mandrel  its  entire  length,  the  edges  would  not  come 
to  an  abrupt  end,  possibly  eliminating  points  where  the  insert  shell 
could  begin  to  crack  on  mandrel  cool  down.  This  design  also  was  not 
successfiiQ.. 

3.  A  small  furnace  was  constructed  to  provide  uniform  hea-b  over  -the  entire 

« 

mandrel  length  both  before  and  dxxring  spraying.  It  was  thou^t  that 
it  would  reduce  mandrel  temperature  gradients  and  their  effect  on 
stresses  within  the  coating,  and/or  variable  contraction  and  expansion 
within  the  mandrel. 

Preliminary  investigations  were  conducted  to  form  complete  nozzle 
insert  shells  by  arc  spraying  onto  preheated  mandrels  of  brass,  stain¬ 
less  steel,  and  inconel.  The  surface  of  each  mandrel  was  oxidized 
sli^tly  to  evaluate  the  effectiveness  of  the  oxide  film  as  a  parting 
agent  between  the  mandrel  and  the  arc-sprayed  coating  and  the  temperature 
of  the  fixmace  was  held  at  1000°  F.  Stabilized  zirconia  was  used  as 
the  spray  powder. 

Initial  attempts  at  applying  coatings  to  the  mandrel  at  this  temper¬ 
ature  resulted  in  cracking  and  buckling  of  the  coating  after  a  very  thin 


mi 


layer  had  heen  applied.  Making  faster  passes  with  the  arc  gun  and 
increasing  the  time  lag  "between  passes  eliminated  this  problem. 

As  experience  was  gained,  complete  nozzle  insert  sections  could 
be  arc  sprayed  to  a  thickness  of  about  l/l6-inch,  but  longitudinal 
cracking  of  these  sections  still  occurred  and  resxilted  in  a  gap  that 
required  a  moderate  pressure  to  close.  It  was  then  thou^t  that  this 
cracking  was  the  result  of  a  residual  tensile  stress  build-up  in  the 
coating  which  eventually  exceeded  the  tensile  strength  of  the  coating 
and  as  a  res\ilt,  caused  a  rupture. 

The  National  Bureau  of  Standards^  has  concluded  that  a  residual 

stress  gradient  exists  in  flame-sprayed  eilumina  and  is  the  result  of 

rather  ccmplex  mechanisms.  They  have  also  indicated  that  ejqpressions 
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for  calculating  these  stresses  may  be  forth-coming  .  Therefore,  it  is 
considered  reasonable  to  conclude  that  residual  stresses  are  present 
in  the  arc-sprayed  coatings  and  that  the  magnitude  of  such  stresses 
will  vary  from  one  arc-sprayed  powder  to  another. 

4.  Attempts  to  eliminate  this  cracking  of  the  arc-sprayed  coatings  by 
increasing  the  mandrel  temperalxire  from  1000°  to  2000°  F  were  un¬ 
successful.  Although  these  nozzle  throat  sections  were  defective, 
there  appeared  to  be  a  pronounced  decrease  in  the  porosity  of  the 
samples,  indicating  that  better  per  cem;  theoretical  densities  had 
been  attained.  Exact  measurements  of  this  decrease  were  not  taken, 
however. 

■"Basic  Studies  of  Particle-Impact  Processes  for  Applying  Ceramic  and  Cermet 
Coatings",  National  Bureau  of  Standards,  Report  No.  6453^  Progress  Report  No.  4 
Page  20,  Contract  No.  AF(33-6l6)-5y-19^  April  1,  1959  to  June  30,  1959* 

"Ibid,  Progress  Report  No.  8,  Page  9* 
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The  difficulties  encountered  in  these  attempts  to  obtain  arc-sprayed 
nozzle  insert  shells  from  oxides  and  carbides  necessitated  a  change  in  the 
configuration  of  the  insert  that  excluded  the  fabrication  by  arc  spraying  of 
the  entrance  and  exit  cones  of  the  nozzle;  only  the  nozzle  throat  is  arc-sprayed. 
The  entr^ce  and  exit  cones  are  made  of  graphite  and  the  arc-sprayed  nozzle 
throat  is  machine  fitted  in  the  graphite  (See  Figure  2).  This  change  vas  made 
in  an  effort  to  obtain  more  information  on  the  behavior  of  arc-sprayed  materials 
in  the  solid  fuel  rocket  motor.  This  information  is  considered  necessary  before 
more  intensive  effort  is  placed  on  obtaining  ccmplete,  or  larger,  arc-sprayed 
nozzle  insert  shells  from  any  one  material i 

Throat  inserts  of  tungsten,  chrome  carbide,  alumina,  and  a  mixture  of 
tungsten  and  zirconia  have  been  successfully  obtained  by  arc-spray  techniques - 
Photomicrographs  taken  from  the  end  surface  of  each  insert  are  shown  in  Figures 
3,  kj  5,  an<3.  6.  The  nozzle  throat  inserts  were  arc  sprayed  onto  air-cooled 
inconel  mandrels.  A  drawing  of  this  mandrel  is  shown  in  Figure  7*  Prior  to  the 
arc-spray  operation,  the  surface  of  each  mandrel  was  oxidized  sli^itly  in  a 
furnace  at  an  indicated  temperature  of  2200°  F  for  10  minutes.  The  temperature 
of  the  mandrel  vas  held  below  200°  F  during  the  arc- spray  operation  by  using 
maximum  mandrel  cooling  air  and  arc-gun  flame-deflecting  air. 

Initial  attempts  at  arc  spraying  the  mixture  of  tungsten  and  zirconia 
were  made  by  using  two  powder  hoppers  and  injecting  each  powder  into  a  separate 
port  on  the  arc-gun  nozzle.  This  resulted  in  the  powders  being  discharged  from 
the  arc-gun  nozzle  in  two  separate  streams  with  little  or  no  mixing  of  the  two 
powders  taking  place.  To  eliminate  this,  the  powder  feed  tubes  were  joined  with 
a  "y"  type  connection  and  the  powder  mixture  injected  into  a  single  powder  iK)rt 


on  the  arc-gun  nozzle. 


III.  ACCESSORY  EQUII-MENT 
A.  Controlled  Atmosphere  Chamber, 

Preliminary  operation  of  the  arc  plasma  torch  in  the  inert  atmosphere 
chamber  described  in  the  last  report  indicated  a  :need  to  change  several 
features  of  this  design;  (l)  bum-out  of  the  gun  entrance  diaphragm  after 
approximately  2  minutes  of  operation,  ('2)  no  flexibility  of'  the  arc  gun  when 
sufficient  coolant  flow  to  eliminate  bum-ont  was  provided,  and  (3)  numerous 
pin-,  hole  water  leaks  constantly  occurring  .in  the  chamber  during  operation. 

Concurrently  with  this- work,  the  Station's  80-kw  arc  plasma  Jet  ■vdLnd 
txmnel  was  .nearing  cbmpletion.  Because  of  the  limited  amount  of  materials 
testing  which  would  require  the  use  of  this  tunnel  it  ■was  considered  advisable 
to  adapt  -this  facility  to  accomodate  arc  spraying  as  well  .as  materials  testing. 

'This  tunnel  is  fsse'ntially  a  three  component  unit:  ,(1)  the  primary  chamber 

(2)  a  par'ticle  trap  and  a  heat  exchanger  for  cooling  the  plasma  gases',  and 

(3)  a  vacuum  pump— Kinney  Model  KDH-250,  A  schematic  of  this unit  is  shown 
in  Figure  -S.  Spraying  can  be  conducted  in  this  uni'ti  from  above  atmospheric 
pressure  down  to  2  cm, Hg. 

As  originally  designed,  the  operation  of  the  -BCrkw  -wind,-  tunnel  'was  to 
■be  limited  to  a  few  minutes  test  duration  with  a  -Pyrex  cross  as  the  primary 
chamber.  Pyi’ex  was  adequate  for  the  tiiue  and  temperature  necessary  for 
materials  testing,  but  it  was  found  that  prolonged  arc-spray  work  in  this 
chamber  heated  the  cross  beyond  its  maximum  recommended  working  temperature 
of  425°  F  ana  made  it  necessary  to  fabricate  an  alternate  primary  chamber  of 
steel , 

To  eliminate  adverse  heat  and  powder  abrasion  effects  all  electrical  and 
mechanical  components  have  been  placed  outside  the  vacuum  system.  These 
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Hgure  8.  Schematic  Drawing  of  80-KW  Wind  Tunnel 


include  a  tvo  stage  table  which  controls  the  movement  of  the  mandrel  in  the 
primary  chamber.  This  unit  is  shown  in  Figure  9*  The  upper  stage  of  the 
table  consists  of  a  l/i4-hp  motor  and  a  Zero-Max  variable  speed  gear  box  for 
controlled  rotation  of  the  mandrel  from  0  to  488  rpra  in  both  clockwise  and 
counterclockwise  directions.  The  mandrel  is  connected  to  but  not  supported  by 
the  Zero-Max  unit.  From  a  flexible  coupling  a  length  of  stainless  steel  rod 
is  positioned  by  an  0-ringed  brass  bushing  which  acts  as  the  support  and 
vacuum  seal. 

The  second  stage  of  the  table  controls  the  horizontal  traverse;  of  the 
upper  stage.  A  small  ratiomotor,  with  variable  speeds  from  l6  to  65  rpm,  was 
equipped  with  a  pulley  and  push  rod  which  allows  varied  reciprocating  travels 
of  1-1/2,  2,  and  2-1/2  inches. 

Although  the  arc-spray  gun  is  in  the  primary  chamber,  constructipnppf- 

.  y  ' 

the -mounting  device  has  put  only  a  portion  of  the  nozzle  in  the  vacuum  system. 
The  gun  is  mounted  in  a  steel  cylinder  clo'sed  at  one  end  which  is  BupppSted;;;.ty- 
two  0-ringed  brass  rings.  This  is  shown  in  Figure  10.  The  standoff  distance 
can  thus  be  controlled  and  held. constant  by  means  of  a  flange  attached  'tb-, the 
opposite  end  of  the  steel  cylinder.  The  assembled  system  is  shown  in}.Ftgu?e  11 

Studies  are  now  underway  to  determine  the  effect  of  chamber  and  ^^n-rgun- 
parameters  on  the  physical  properties  of  alumina.  %  • 

B.  Infrared  Preheat  Furnace 

The  furnace  constructed  to  permit  arc  spraying  onto  preheated  mandrels, 
of  brass,  inconel,  and  stainless  steel  uses  General  Electric  quartz  infrared 
lamps  50-T3  as  heating  elements  with  power  supplied  by  a  Standard  Electric 
Products  Co.,  Adjust-A-Volt  variable  autotransformer.  The  lamp  terminals 
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Figure  11.  Photograph  of  Modified  oO-KW  Wind  Tunnel  Used  for 
Controlled  Atmosphere  Arc-Spray  Work. 


are  positioned  in  a  water-cooled  "brass  "block  to  hold  the  lamp  seals  below  the 
reccanmended  650°  F  maximum  temperature. 

Two  pieces  of  Glasrock  fused  silica  foam  were  carded  to  the  configuration 
desired  to  allow  an  arc-spray  operation  through  the  furnace;  the  front  and 
back  of  the  furnace  are  open  to  prevent  a  material  "build-up  in  the  furnace 
during  the  arc-spray  o^ration.  Three  lamps  are  positioned  in  each  half  of  the 
furnace.  These  halves  are  mounted  in  a  slotted  angle  which  permits  an  adjust¬ 
ment  of  these  halves  for  the  insertion  of  a  mandrel.  A  grinding  head  froa  a 
"surface  grinder  was  modified  to  be  used  for  mandrel  rotation.  T3ie  furnace  can 
be  used  to  preheat  mandrels  up  to  2000°  F  and  is  shown  in  operation  in  Figure  12 
C .  Syntron  Vibratory  Powder  Feed  Unit 

Prior  to  its  use  in  the  arc-spray  system,  it  was  necessary  to  ev^uate 
the  Syntron  vibratory  feed  system  reported  in  the  last  paper  in  order  to 
obtain  irawder  feed  rates  comparable  to  those  obtained  with  the  metco  powder 
hopper. 

The  Syntron  \init  was  removed  from  its  enclosure  to  gain  free  access  of 
the  instrument  and  permit  close  observation  of  the  behavior  of  the  test  powder 
in  the  loading  funnel  and  the  trough.  Preliminary  tests  of  the  unit  revealed 
that  the  power  output  of  the  rheostat  furnished  with  the  Syntron  Ainit  was 
too  great  to  "be  used  for  efficient  arc-spray  operations.  A  "Variac  power-stat 
was  therefore  utilized  as  a  coarse  adjustment,  allowing  the  rheostat  to  "be 
used  as  a  fine  control  Of  the  power  applied  by  the  power-stat. 

Tungsten,  stabilized  zirconia  and  fused  silica  powders  were  used  to 
determine  the  feeding  characteristics  of  the  Syntron  vibratory  feeder.  The 
tungsten  and  zirconia  powders  consisted  of  particles  finer  than  325  mesh. 
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Hgvire  13.  Weight  Vs.  Time  of  Tungsten  Fed  from  the  Syntron 
Vibratory  Feeder. 
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as  a  function  of  time  at  28,  29,  and  31  *oits  using  -325  mesh  tungsten  powder 
is  shown  in  Figure  17*  Note  the  absence  of  the  initial  curvature  in  these  curves 
over  previous  curves. 

Comparison  of  the  feed  curves  for  tungsten  in  Figures  13  and  17  would  seem 
to  indicate  the  insertion  of  the  baffle  in  the  trough  caused  the'  „eed  rate  to 
be  reduced  considerably  at  the  same  applied  voltage.  This,  however,,  is  not  the 
case.  The  decreased  feed  rate  was  due  to  an  adjustment  of  the  vibrator  mechanism 
which  lowered  the  intensity  of  vibration  at  the  same  voltage.  This  was  done  to 
lower  the  feed  rate  of  the  unit  to  a  range  usable  for  spray  work  without  lower¬ 
ing  the  applied  voltage  below  a  point  where  the  vibrator  would  stop. 

An  attempt  was  made  to  feed  -10  micron  stabilized  zirconia  powder  which 
had  been  dried  for  if-  hours  at  300°  F.  A  satisfactory  feed  rate  could  not  be 
attained  because  the  powder  would  not  flow  from  the  hopper  to  the  trou^. 

An  external  vibrator  was  mounted  on.  the  powder  hopper  to  attempt  inducement 
of  a  more  effective  powder  flow  into  the  trough.  This  had  no  effect.  It 
was  then  thought  that  the  failure  of  the  powder  to  flow  was  the  result  of 
incomplete  drying  of  the  powder  at  300°  F. 

A  simple  device  for  vacuum  drying  of  the  powder  at  500°  F  was  constructed' 
.nd  an  observation  port  added  to  the  feed  unit  enclosure  to  observe  the  powder 
flow  mechanisms.  The  vacuum  dried  -10  micron  zirconia  would  flow  satisfactorily 
from  the  hopper  to  the  trough  and  down  the  trough  into  the  funnel.  However, 
frequent  bridging  over  of  the  powder  in  the  funnel  prevented  the  acquisition  of 
■any  feed  curves  using  this  powder.  Modification  of  the  trough  and  funnel  to 
eliminate  this  problem  is  presently  underway. 


IV.  PROPERTIES  OF  POWDERS  AND  ARC-SPRAYED  SHAPES 

A.  Povders 

The  powders  used  in  the  investigations  descri'be;d  in  this  paper  are  des¬ 
cribed  briefly  in  Table  I.  The  comments  listed  under  the  heading  "treatment" 
in  this  table  include  all  treatments  which  have  been  tried  to  date.  In  all 
cases  the  last  treatment  listed  for  each  powder  is  the  one  which  appears  to  be 
the  most  satisfactory. 

B.  Tensile  and  Density  Data 

Table  II  lists  tensile  strength,  density  data,  and  spray  parameters  on 
arc-sprayed  circular  cylinders  of  -2k0  +325  mesh  alumina.  Average  values  are 
not  given  because  of  the  erratic  nature  of  the  data. 

It  is  felt  that  the  erratic  nature  of  the  tensile  data  may  be  the  result 
of  testing  samples  which  contain  imperfections  that  are  not  readily  seen  with 
the  eye.  As  a  result  two  groups  are  being  re-sprayed  and  closer  control  of 
the  specimens  made  before  testing  using  non-destructive  optical  techniques 
in  conjunction  with  organic  dye  techniques. 

C.  Nozzle  insert  Shells 

Several  arc-sprayed  tungsten  insert  shells  have  been  evaluated  in  a  small 
solid  fuel  test  motor  in  efforts  directed  towards  development  of  a  suitable 
ceramic  castable  back-up  material  for  uncooled  rocket  nozzles.  None  of  the 
materials  tested  were  as  satisfactory  as  graphite  for  this  application. 

The  fabrication  of  nozzle  throat  insei-ts  from  several  different  materials 
is  considered  to  be  an  important  development  in  the  effort  to  fabricate  ceramic 
materials  by  arc-spray  techniques  for  use  in  this  area.  The  arc-spray  equip¬ 
ment  settings  used  to  fabricate  these  throat  inserts  are  given  in  Table  III. 


BRIEF  DESCRIPTIONS  OF  ARC  SPRAYED  POWDERS 
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Carbide  Metallur-  Screen'  ciency-good  strong 

gical  Co.  "to  coating  with  metal 

lie  appearance 


Sample  No. 


Indicated  Tensile 
Strength 


Bulk 

Density 


Per  Cent 

Theoretical  Density 


TABLE  II  (Continued) 


TENSILE  STRENGTH,  DENSITY,  AND  PER  CENT  THEORETICAL  DENSITY 

OF  ARC-SPRAYED  ALUMINA 


Indicated  Tensile 

Bulk 

Per  Cent 

Sample  No 

,  Strength, 

Density 

Theoretical  Density 

(psi) 

(gras/cc) 

23-3-C 

9670 

3.6 

90.7 

23-4-C 

7890 

3.5 

88.2 

23-5-C 

6990 

3.6 

90.7 

23-l-D 

770 

3.5 

88.2 

23-2-D 

10230 

3.5 

88.2 

Arc- 

Spray  Equipment  Parameters: 

Same  as  Group  1 

Chamber  Parameters: 

Chamber  pressure  76  cm  Hg,  mandrel 

rotation  288  RPM, 

mandrel  traverse 

4o  P/M  on  2-1/2  inch  spray  length 

23-1-E 

4020 

3.i^ 

85.6  •  ■ 

23-2-E 

'  "  6500 

3.5 

88.2 

23-3-E- 

- . 2430  .  . 

.  3.5 

88.2 

23-U-E 

2690 

3.6 

90.7 

23-5-E 

2540 

3.5 

88.2 

23-6-E 

2690 

3.2 

80.6 

Arc- 

-Spray  Equipment  Parameters: 

Same  as  Group  1 

Chamber  Parameters: 


Chamber  pressure  72  cm  Hg,  mandrel 
rotation  U68  RIM,  mandrel  traverse 
32.5  p/m  on  2-I/2  inch  spray  length 


) 

These  studies  were  primarily  exploratory  in  nature  with  the  exception  of 
^he  tungsten  insert.  This  throat  insert  was  fabricated  for  evaluation  in  the 
solid  fuel  rocket  motor  to  ascertain  the  validity  of  testing  arc-sprayed 
materials  by  this  method. 

The  chrome  carbide  and  alumina  powders  were  selected  to  determine  the  re¬ 
leasing  characteristics  of  these  classes  of  compounds  from  the  oxidized  inconel 
surface.  In  both  cases  releasing  was  excellent. 

The  tungsten-zirconia  insert  was  fabricated  to  obtain  information  on  the 
mixing  characteristics  of  two  dissimilar  powders  and  also  to  observe  the  con¬ 
sistency  of  deposition  of  the  two  materials.  Visual  observation  of  the 
effluent  powder  mixture  indicated  that  segregation  of  the  canponents  of  the 
mixture  was  not  occurring  as  was  the  case  when  the  individual  powders  were 
injected  into  different  ports  on  the  arc-gun  nozzle.  The  photomicrograph 
(Figure  6)  taken  from  the  end  surface  of  the  throat  insert  showed  gradation  of 
the  two  powders  on  deposition.  This  indicates  closer  control  of  powder  flow 
rates  will  be  necessary  before  studies  of  two- components  systems  are  made. 
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A  IRELIMINARY  INVESTIGATION  OF  THE  THERMAL  HISTORY 

OF  parom  particles  during  plasma  staying 

S.  J.  Grisaffe,  MaterisJLs  Research  Engineer 
Lewis  Research  Center,  NASA 
Cleveland,  Ohio 

Many  industrial  concerns  and  research  laboratories  have  plasma 
spray  equipment,  and  have  presented  much  data  concerning  the  optimum 
parameters  for  operating  these  devices.  An  area  that  needs  greater 
attention  is  the  thermal  history  of  the  powder  particles  from  hopper 
to  substrate.  Generally,  this  history  consists  of  a  particle  at  room 
temperature  being  introduced  into  an  intensely  hot  plasma,  heated,  and 
then  carried  downstream  by  the  flowing  gases  to  some  point  where  it 
collides  with  a  substrate  and  is  deposited.  As  a  particle  moves  down¬ 
stream,  it  loses  heat  by  radiation  arid  conduction  and  its  temperature 
decreases  as  shown  schematically  in  Fig.  1.  .A  quantitative  description 
of  this  temperature  distribution  does  not  exist.  Therefore^,  a  prelimi¬ 
nary  study  was  made  to  determine  the  temperature  of  the  peurticles  in 
the  plasma  stream  and  the  temperature  at  which  the  particles  deposit. 
This  type  of  information  would  be  very  practical;  for,  by  knowing  these 
values,  a  more  complete  insight  into  the  spray  process  would  be  possi¬ 
ble.  For  example,  data  on  the  deposition  temperature,  coupled  with  the 
thermal  expansion  coefficients  of  the  substrate  and  of  the  deposit, 
would  permit  much  better  control  of  residual  stress  in  a  coating  or 
fabricated  body. 

To  examine  a  typical  plasma  spray  operation,  14.5-micron  average 
particle  diameter,  stabilized  zirconium  dioxide  of  the  type  sunplied 
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commercially  was  chosen.  Spraying  was  done  with  a  rigidly  mounted 
Thermal  Dynamics  P-40  torch  with  a  No.  1  spray  nozzle  operated  at  450 
amps,  60  volts  using  80  cu  ft/hr  ^d  10  cu  ft/hr  H2  as  the  plasma 
gas  and  10  cu  ft/hr  N2  as  the  carrier  gas.  The  powder  flow  rate  was 
1.25  Ib/hr  but  no  apparent  change  in  the  readings  occurred  when  the 
flow  rate  was  varied  from  0.8  to  2-5  Ib/hr.  A  Shawmeter  was  used  to 
get  approxima,te  values  of  the  peurticle  temperature  in  the  stream  as  a 
function  of  the  distance  from  the  spray  nozzle .  Two  parallel  shields 
painted  with  flat  optical  black  paint  were  positioned  on  each  side  of 
the  spray.  One  shield  had  a  l/4-in.  -diameter  sight  hole  in  it,  Md 
this  shield  w^  movable  so  that  the  area  of  highest  particle  density 
could  be  observed  at  varying  distances  frcm  the  spray  nozzle.  (A  dis¬ 
tance  restriction  existed,  for  very  close  to  the  nozzle  the  Shawmeter 
went  off-scale  because  of  the  intensely  bright  cone  of  the  plasma  flame.) 
The  results  are  shown  in  Fig.  2}  these  values  are  only  rough  approxima^ 
tions,  since  the  exact  values  of  the  emissivity  of  this  material  should 
be  known  at  both  wavelengths  used  by  the  Shawmeter.  This  instrument 
reads  true  temperatures  only  when  the  ratio  of  these  emissivitles  is 
unity;  at  other  ratios  a  correction,  must  be  made.  Another  possible 
source  of  error  is  the  particles  themselves,  which  act  as  reflectors 
and  reflect  light  from  the  intense  plasma  arc  in  the  nozzle. 

For  determining  the  deposition  temperatures,  the  following  proce¬ 
dure  was  employed. 

Platinvnn  -  platinum-13  percent  rhodium  thermocouples  were  fabri¬ 
cated  with,  oversized  junctions,  and  these  junctions  were  t^enr  hammered 
into  thin  flat  disks  approximately  O.OlO-in.  thick  and  of  l/8-in. 


diameter.  This  provided  a  recording  surface  of  very  low  heat  capacity. 
Then,  a  profile  of  temperature  vs.  distance  from  the  nozzle  was  made  in 
the  plasma  gases  without  any  spray.  A  second  profile  was  made  hy 
spraying  the  zirconim.  dioxide  on  the  thermocouple  at  varying  distances 
from  the  nozzle.  In  this  case  it  was  not  possible  to  determine  temper¬ 
atures  at  a  point  closer  than  4^  in.  from  the  nozzle,  since  the  up^r 
limit  of  the  thermocouples  is  3000°  F,  The  data  ^e  shown  in  Fig.  2. 

At  each  position  the  thermocouple  was  sprayed  until  a  temperature  maxi¬ 
mum  was  reached  -  usually  after  about  0.5  sec.  The  coating  was  removed 
from  the  thermocouple  after  each  spraying. 

On  comparing  the  data  in  Fig.  2,  it  is  seen  that  the  tempera.tures 
measured  optically  are  much  higher  than  those  measured  by  thermocouple. 
This  is  due  to  the  uncertainties  in  the  spectral  emissivities  and  possi 
bly  to  the  reflection  of  the  plasma  arc  by  the  particles. 

In  conclusion,  this  work  is  the  result  of  a  preliminary  investi¬ 
gation,  and  the  measurements  are  not  the  most  refined.  However,  it  is 
felt  that  this  type  of  approach  needs  attention  and  that  further  refine 
ments  would  be  of  definite  value  for  a  more  complete  understanding  of 
the  plasma  spray  process. 
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Fig.  1.  -  Schematic  description  of  particle  temperature  as  a 
function  of  distance  from  the  spray  nozzle. 
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Fig.  2.  -  Tewperature  versue  dietwce  from  spray  nozzle 
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A  najor  field  of  Interest  of  the  Norton  Company 
Is  oeraalo  ooatlngs.  Three  areas t  prooesses,  Materials, 
aM  ecptlpnent,  hare  remained  under  inrestigation  emd  con¬ 
stant  pursuit  since  the  creation  of  the  BOKIDE  process  of 
flame- spraying  by  atomization  directly  from  solid  bodies 
in  the  form  of  rods . 

Of  particular  interest  has  been  combustion 
beat  sources  for  melting  of  the  flame-spray  materials  and 
efficient  equipment  for  handling.  A  rarlety  of  gases  and 
finely  powdered  metals  hare  been  oonsldex^»d  as  fuels  but 
none  hare  prored  as  practical  as  bxyaoetylene  until  recent 
practloal  derelopment  of  the  arc  plasma  flame  torch. 

Because  of  the  possible  adrantages  of  plasma  as 
a  heat  source  for  the  BOKIDE  process,  the  Norton  Company 
is  blending  talents  with  the  Plasmadyne  Corporation  of 
Santa  Ana,  California,  in  a  oo-operatire  program' to  create 
a  BOKIDE  plasma  gun  expeeted  to  effect  economies  of  coating 
application  and  produce  superior  or  different  anted  charac¬ 
teristics.  This  paper  is  to  deal  briefly  witu  this  program, 
SOM  of  the  approaches,  and  the  current  status  from  which 
perhaps  a  few  predictions  can  be  made. 

One  of  the  first  questions  that  arose  when  con¬ 
sideration  was  KlTen  to  dere loping  a  plasma  system  to  spray 
BOKIDE  rods  of  5/16"  to  3/8"  diameter  was  the  nominal  power 
rating  that  would  be  required.  The  following  is  data  cal¬ 
culated  for  the  present  oxyaoetylene  BOKIDE  guns  in  current 
use. 


Bod 

Diamete 

1/8" 

3/16 

1/^ 


Bod  Feed  Bate 
( inches/minute ! 


5.5-6 


4.5- 5 

3.5- 4 


Flame 


5,500 

5,500 

5,500 


Heating  Bate 

Btu/^. 

46,500 

55,200 

72,600 


Equiralent 


13.7 

16.2 

21.3 


An  extrapolation  of  these  data  indicates  that  an 
equiralent  of  approximately  35  KV  would  be  required  to  handle 
a  3/8*  diameter  rod..  Thus  it  apx>ears  that  considering  the 
worst  situations  with  respeot  to  efficiency  emd  heat  tremsfer 
that  75KV  could  be  expected  to  allow  increased  rates  of  coat¬ 
ing  deposition  with  3/8”  diameter  rods. 


VI th  this  baokgronnd  Information  indicating  the 
posslbllitx  of  constructing  a  ROKIDE>Plasma  gtm  of  superior 
output  within  reasonable  power  Halts,  It  was  decided  to  proceed 
with  dewelopaent  of  a  40  KV  unit  for  handling  3/16*  zlroonla 
rods  to  determine  equipment  and  operating  parameters . 

Figure  1  shows  schematically  the  first  trial  approeush 
with  the  rod  feed  at  right  angles  to  the  flaiMi  This  system melts 
satisfactorily  but  feed  control  presents  too  much  of  a  problem. 
ObTlously,  If  we  fei^  too  fast  we  strike  the  other  side  of  the 
nozzle  £md  upset  the  whole  flame  configuration.  Particle  shape 
and  control  Is  poor  as  the  rod  Is  not  burning  or  melting  to  a 
point . 

Figure  2  shows  schematically  the  second  trial  approach 
with  the  rod  feed  directly  through  the  rear  negat Ire  electrode. 

This  system  InterfeMS  with  the  arc  control  and  makes  hsmdllng 
much  too  critical.  In  fact,  there  was  practically  no  control  of 
arc  emission  from  this  snnular  electrode  and  concentration  of  the 
arc  In  one  spot  erentually  destroyed  the  electrode  by  fusion. 

Figure  3  roprosnhts  the  system  employed.  In  the  third 
trial.  Actually  three  separate  arcs  were  used  In  a  sl^le  Chamber, 
only  two  of  which  are  shewn  schematically.  The  rod  feed  does  not 
Interfere  with  the  electrodes  but  does  pass  directly  through  the 
arcs.  This  system,. appears  bo  hare  too  much  ooiacentrated  heat  on 
the  rod.  Appartoiy,  the  rod  should  be  kept  clear  of  the  arc 
proper  and  be  IzitoItm  with  the  flame  only.  Attempts  to  spray 
with  this  unit  resulted  In  vaporizing  considerable  of  the  rod 
while  ejecting  very  large  particles  at  Intei^als  similar  In  size 
to  B>B  shot . 

Flg\ire  4  indicates  the  current  design  system  which  has 
produced  spray  patterns  and  coatings  In  the  range  of  our  Interest. 
This  Is  a  Tersatlle  unit  based  on  knowledge  gained  from  the  earlier 
units.  Arcs  are  adjustable  and  rod  enters  Into  the  flame  only. 

This  system  will  now  be  employed  to  make  a  systematic 
Investigation  of  operating  and  coating  parameters  prior  to 
developing  the  final  gun  design. 

Based  on  the  work  done  thus  far,  however,  a  couple  of 
predictions  can  be  made. 

1.  40  KV  appears  to  be  sufficient  power  to  handle  up 
to  cuad  Including  1/4*  zlrconla  rods. 

2.  Bates  of  coating  laydown  az*e  expected  to  be  at 
least  twice  that  achieved  by  present  combustion  equipment. 

All  the  actual  hardware  designs  have  been  developed  by 
the  Plasmadyne  engineers  and  their  representative  can  best  go  Into 
the  technical  aspects  of  the  equipment  handling  and  performance. 
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TRANSITION  TEMPERATURE  AND  FLEXURAL  STRE^STH 
OF  TUNGSTEN  MATERIALS 

FOREWORD: 

This  presentation  is  intended  as  an  addendum  to  the  paper,  "Tungsten  Fab¬ 
rication  by  Arc  Spraying",  which  was  published  in  the  July  1961  issue  of 
the  Journal  of  Metals.  Recent  work  at  Allison  has  been  concerned  with  the 
evaluation  of  the  mechanical  properties  of  Allison  plasma  arc  sprayed  and 
sintered  tungsten  (Plasma-Tung  C*)  as  compared  to  forged  tungsten  and 
also  to  cold  pressed  and  sintered  tungsten.  The  measurement  of  transition 
temperatures  and  flexural  strengths,  which  was  completed  by  means  of 
bend  tests,  has  been  the  primary  consideration. 

MATERIALS: 

1.  Plasma-Tung  C  -  fully  recrystallized 

2.  Commercial  cold  pressed  and  sintered  tungsten  -  fully  recrystallized 

3.  Forged  commercial  cold  pressed  and  sintered  tungsten  with  the  following 
degrees  of  recrystallization; 

a.  0% 

b.  ^5% 

c.  100% 

All  samples  were  taken  from  massive  pieces  of  hardware  (>25  pounds). 

The  grain  sizes  of  the  materials  used  are  shown  in  Table  I. 

BEND  TEST  PROCEDURE: 

Transition  temperature  and  flexural  strengths  were  determined  employing  a 
simple  beam  bend  test.  The  test  specimens  were  0.  700  inch  wide  by  0.  052 
inch  thick  and  were  deflected  over  a  span  of  one  inch  by  a  0.  0625  inch  radius 
mandrel. 

>splasma-Tung  C  is  the  designated  name  for  Allison  produced  plasma  arc  sprayed 
and  sintered  tungsten. 


In  the  basic  test,  the  oxiter  fiber  strain  rate  was  0.  008  in. /in.  /min.  which 
corresponds  to  a  deflection  rate  of  0.  0Z5  in.  /min.  A.II  tests  were  conducted 
either  to  failure  or  to  a  maximum  deflection  of  0.  Z50  inch.  Load  and  de¬ 
flection  were  automatically  plotted  and  faUure  was  determined  by  a  rapid 
drop  in  load.  Test  samples  were  considered  to  have  reached  their  transition 
temperature  when  they  exceeded  a  calculated  value  of  5%  outer  fiber  strain. 
This  value  corresponds  to  a  deflection  of  approximately  0.  150  inch  in  this 
test. 

TRANSITION  TEMPERATURES: 

The  transition  temperatures  oi  the  various  materials  are  shown  in  Figure  1. 
Forged  non-recrystallized  tungsten  has  a  transition  temperature  of  approxi¬ 
mately  300  ‘F,  while  the  Z5%  recrystallized  material  exhibits  a  transition 
temperature  of  475  "F.  Plasma- Tung  C  has  a  transition  temperature  of 
approximately  600 •F  whereas  forged  100%  recrystallized  and  cold  pressed 
and  sintered  materials  have  transition  temperatures  above  800 'F. 

The  effect  of  strain  rate  on  the  apparent  transition  temperature  of  Z5% 
recrystallized  forged  tungsten  is  shown  in  Figure  Z.  The  higher  strain  rate 
results  in  an  apparent  transition  temperature  approximately  175  *F  higher 
than  the  standard  test  rate. 

FLEXURAL  STRENGTH: 

Flexural  strength,  or  outer  fiber  stress  at  failure,  of  the  tungsten  materials 
was  obtained  from  the  load  plot  obtained  in  the  bend  test.  Outer  fiber  stress 
at  failure,  6m,  may  be  calculated  employing  the  beam  formula: 


6m 


P  where: 


P  =  Load  at  failure 
T  =  Thickness  of  the  specimen 
W  =  Width  of  the  specimen 
S  =  Span 

A  plot  of  maximum  outer  fiber  stress,  6m,  vs.  temperature  for  the  tungsten 
materials  is  shown  in  Figure  3.  Notice  that  the  strength  values  at  600 ‘F 
are  about  equal  for  those  materials  which  exhibit  transition  temperatures 
below  800  *F. 

Figure  4  indicates  the  effect  of  strain  rate  on  the  maximum  outer  fiber 
stress  at  various  temperatures.  This  plot  reveals  that  strain  rate  has 
little  effect  on  the  strength  for  25%  recrystallized  forged  material,  despite 
the  fact  that  the  apparent  transition  temperature  is  increased  as  shown 
by  Figure  2. 
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The  Narmco  Refractories  Research  Department  is  continuing  the  investigations 
described  in  last  year's  meeting  with  two  programs  dealing  with  the  bonding  of 
tungsten  sheet  metal  to  graphite  and  the  coating  and  bonding  of  ceramic  glasses 
to  refractory  metals. 

Recent  Narmco  publications  have  shown  the  capability  of  solid  phase  diffusion 
bonding  of  tungsten  to  graphite  where  the  tungsten  is  carbide  coated  and  the 
graphite  carbide  coated,  and  the  bond  results  due  to  the  diffusion  of  the  carbides 
under  heat  and  contact  pressure.  This  is  applicable  to  systems  in  which  the 
carbides  have  complete  or  partial  solid  solubility  with  each  other.  Examples  are: 
WC-TaC;  WC-HfC;  TAC-HfC;  M02C-WC,  etc.  The  carbides  are  coated  on  the  surfaces 
either  by  plasma  spraying  or  by  metal  coating  techniques  and  subsequent  controlled 
carborization. 

Recent  work  has  indicated  that  certain  carbides  like  tungsten,  zirconium 
and  titanium,  in  a  carbonicous  furnace  atmosphere,  will  fuse  to  the  graphite 
substrate  at  about  ASOO®!.  This  has  the  benefit  of  penetrating  the  graphite  pores 
and  thus  increasing  the  bond  strength.  The  same  has  been  shown  with  a  mixture  of 


refractory  metal  borides,  carbides  and  silicides.  Attempts  to  obtain  higher 
remelt  temperatures  to  at  least  6000°F  have  been  initiated. 

Another  approach  has  been  to  utilize  the  exothermic  behavior  which  results 
upon  formation  of  some  of  the  refractory  metal  carbides  and  borides  arid  silicides 
as  a  possible  heat  source  implement. 

The  second  investigative  program  on  ceramic  adhesive  bonding  of  refractory 
metals,  has  resulted  in  the  publication  of  a  final  report  under  Air  Force  Contract 
No.  33(616)-7196.  This  project  was  a  feasibility  study  as  to  utilizing  ceramic 
adhesives  to  join  together  the  refractory  metals,  tungsten,  tantalum,  molybdenum 
and  columbium.  Ceramic  adhesives  were  developed  consisting  either  of  mixtures  of 
alumina,  silica,  titania  or  zirconia  or  based  on  tantalum  pentoxide  base  system. 
Room  temperature  and  1900°F  tensile  shear  strengths  of  approximately  1000  psi  were 
obtained.  There  was  considerable  evidence  that  the  coatings  were  oxidation 
protective,  although  this  characteristic  was  not  examined  in  detail.  The  coatings 
were  applied  at  temperatures  in  exces  of  SOOG^F  in  a  vacuum  atmosphere.  Base 
metal  oxide  additions  up  to  307o  by  weight  were  necessary  to  achieve  strong  bonding 
on  ail  refractory  metals. 

In  addition  to  the  above  programs,  Narmco  is  examining  metal  and  oxide 
reactions  with  various  substrates  at  temperatures  ranging  up  to  7000®F,  by  use  of 
arc  image  equipment  and  developing  new  ceramic  composites  based  on  liquid  phase 
sintering  of  the  refractory  oxides  for  uses  at  temperatures  in  excess  of  2300°F. 
These  latter  materials  seem  to  have  considerable  resistance  to  thermal  shock, 
although  the  flexural  strengths  are  not  high. 


REFRACTORY  COATIM}  RESEARCH  AND  DEVELOPMENT 
_ WATERTCWN^ARSENAL  LABORATORIES 

By:  Milton  Levy 

The  increased  demand  for  a  highly  mobile  military  force  requires  that 
weapons  miist  be  developed  with  a  minimum  of  constructional  weight  and  a 
maximum  of  strength.  The  Ordnance  Corps  of  the  U.  S.  Army  has  been  active¬ 
ly  searching  for  materials  which  will  reduce  the  weight  of  components  of 
Ordnance  weaports  systems.  A  new  titanium  alloy  containing  about  6^Al-6/6V- 
2/6Sn  was  developed  which  on  a  strength-weight  basis,  is  eqtiivalent  to  steel 
at  a  ^*ield  strength  of  S2^.00C  psi.  This  alloy  was  developed  under  a  materi¬ 
als  research  program  at  Watertown  Arsenal  Laboratories,  aimed  at  iii5>roving 
materials  for  Ordnance  applications*  There  are  commercially  available  a 
variety  of  proven  alpha-beta  type  titanium  alloys  with  yield  strengths  vary-t 
ing  from  130,000-170,000  psii  Steels  having  yield  strengths  varying  from 
230,000-300,000  psi  would  be  con^iarable  to  these  titanium  alloys  on  a  strength- 
weight  basis.  However,  the  severe  galling  tendency  of  titanium  is  a  decided 
handicap  to  its  usefulness.  Until  means  of  eliminating  or  reducing  galling 
has  been  found,  the  use  of  titanium  shapes  in  many  applications  will  be  limit¬ 
ed  in  spite  of  its  several  very  favorable  properties.  Electroless  nickel- 
phosphorous  plats  was  investigated  as  an  anti-galling  coating  for  titanium 
alloys .  In  tlie  electroless-plating  techiiique  a  nicke_  .salt  is  reduced  on 
the  surface  being  coated  by  sodium  hyphosphits*  A.  modified  National  Bureau 
of  Standards  alkaline  plating  bath  was  used  to  deposit  the  electroless-nickel 


phosphorous  on  several  titanium  alloys.  The  adhesion  of  the  deposit  to 
substrate  was  poor.  Subsequent  heat  treatments  were  studied  with  the  object¬ 
ive  of  achieving  inqiroved  adhesion  through  diffusion  bonding  with  a  minimum 
of  beta  transformation.  Plate  adhesion  and  diffusion-zone  structure  were 
assessed  by  metallographic  and  x-ray- diffraction  techniques.  A  significant 
improvement  in  adhesion  was  achieved  by  interdiffusion  duririg  the  elevated- 
temperature  treatment  for  a  series  of  temperatures  between  12^0®F  and  1^50"F 
in  vacuo.  X-ray-diffraction  data  indicated  the  formation  of  a  solid  solution 
of  85^Ni-l5^Ti(+  35S),  TiNi^,  TiNiO^,  Ti^Ni  as  diffusion-zone  layers.  The 
abrasion  resistance  of  the  electroless-nickel  deposits,  both  diffused  and  un¬ 
diffused,  were  detennined  with  a  Taber  Abraser  and  compared  with  untreated  ti- 
tanitim.  The  undiffused  nickel  plate  offered  no  improvement  over  bare  titanium. 
However,  the  diffusion-bonding  treatment  increased  the  abrasion  resistance  of 
titardm  between  two-  and  seven-fold,  depending  upon  the  temperature  of  the  treat¬ 
ment.  In  general,  the  abrasion  resistance  increased  with  increasing  tempera¬ 
ture  between  12^0®F  and  l^^O'F,  the  latter  temperature  yielding  optimum  re¬ 
sults.  The  wear  characteristics  of  the  deposits  were  detennined  with  a  modi¬ 
fied  MacMillan  apparatus.  The  diffusion-bonding  treatment  afforded  the  titani¬ 
um  weal’  resistance  comparable  to,  or  better  than  steel  under  the  test  condi.tiona. 
Watertown  Arsenal  Laboratories  have  developed  a  test  weapon  suitable  for  de¬ 
termining  the  erosion  resistance  of  promising  coating  materials,  using  easily 
machined,  inexpensive,  replaceable,  short  length  smooth  bore  or  rifled  inserts. 
This  erosion-gage  weapon  can  produce  maximum  internal  pressures  of  35jOOO  psi 
when  standard  caliber  c60  ball  ammunition  loaded  with  double  base  powder  is  used. 


An  -ancoateci  titanium  alloy  insert  was  tested  in  the  erosion-gage  weapon. 

At  the  end  of  ^0  rounds  at  half  charge  (about  10,000  psi),  little  or  no 
>«rosion  was  observed.  An  additional  round  at  full  charge  (about  2^,000  psi) 
was  fired,  resulting  in  a  heavily  eroded  area  at  the  breech  end.  A  similar 
titanium  alloy  insert,  electroless-nickel  plated  and  di.fusion  bonded  was 
tested  Tinder  the  same  conditions.  No  erosion  was  produced.  'Electrodeposited 
coatings  of  hard  metals,  such  as  chromium  or  nickel,  afford  an  ineicpensive- 
means  of  obtaining  a  wear-  and  erosion-resistant  surface.  Difficulties  have 
been  (experienced  in  the  application  of  adherent  deposits  to  titanium.  The 
success  achieved  in  the  deposition  of  electroless  nickel  to  titanium  and  the 
formation  of  a  diffusion-bonded  zone  of  nickel-rich  material,  suggests  its 
use  as  an  intermediate  for  the  suibsequent  deposition  of  chromium.  This  is 
currently  being  investigated. 

A  broad  knowledge  of  the  properties  of  graphite  and  other  high- temperature 
materials  is  essential  for  the  design  of  the  hot  components  of  missiles  and 
space  craft.  Oxidation  data  concerning  j^olytic  graphite,  a  specialized  poiy- 
crystalline  form  of  graphite  has  not  been  reported  previously  in  the  litera¬ 
ture.  Kie  oxidation  of  pyrolytic  graphite  was  studied  as  a  function  of  time 
and  temperature.  Pyrolytic  graphite  does  not  oxidize  as  rapidly  as  oomnerci- 
al  graphite  at  tenperatures  belw  1U^0*F,  but  ap^oaches  that  of  commercial 
graphite  at  l^^O^F  (slide).  Oxidation  of  pyrolytic  graphite  proceeds  prefer¬ 
entially  in  the  c-directlon  (perpendicular  to  the  plane  of  d^osition)  and 
may  be  explained  by  the  available  energy  associated  with  the  strained  condition 
of  the  crystal  lattice  and  the  exposed  edges  of  the  layer  planes.  The  break  in 


the  Arrhenius  plot  for  pyrolytic  graphite  occurring  at  1550  F  may  be  at¬ 
tributed  to  the  change  in  control  mechanism  from  chemical  reactivity  to 
diffusion  control,  or  to  the  difference  between  -toe,  ambient  fumace  tempera¬ 
ture  and  the  specimen-surface  tenqjerature,  or  to  both.  An  activation  energy 
of  37,180  cal/mol  was  calcTilated  for  a  commercial  graphite.  The  activation 
energy  calculated  for  pyrolytic  graphite  was  23*3^0  cal/mol.  The  lower  acti¬ 
vation  energy  for  pyrolytic  graphite  is  associated  with  a  lower  reaction  ra.te. 
This  anomalous  behavior  is  attributed  to.  its  lower  porosity  since  a  less  pprops 
material  exposes  a  smaller  surface  area  for  molecular  collisions.  The  tech¬ 
nique  used  permitted,  the.- continuous  and  automatic  recording  of  oxidation  rate 
(slide)  and  may  be  readily  applied  to  studies  of.  coating  materials. 

Theimal  shock  and  drop  data  were  obtained  for  various  ceramic  oxide  aiid. 
hard-metal  flame-sprayed  deposits  on  sev«ral  substrate,  materials  (Table  !)• 
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TABLE  I  (Continued) 
THERMAL  SHOCK  AND  DROP  DATA 


Base  Metal 


Thermal  Shock  (Cycles)  Thermal  Dro 


Titanim 

Rokide  *»Z" 

12 

Titanium 

Rokide  "A" 

16 

Titanium 

Rokide  “C" 

16 

Titanium 

Metco  32C 

No  spalling 

So  cycles 

Stainless 

Steel  Metco  201 

3 

Stainless  Steel  ^tco  101 

3 

Stainless 

Steel  Rokide  “Z" 

9 

Stainless  Steel  Rokide  '‘A“ 

2 

Stainless 

Steel  Rokide  "C" 

5 

Stainless 

Steel  Metco  32C 

No  spalling 

So  cycles 

Aluminum 

Metco  201 

1 

Aluminum 

Metco  101 

2 

Aluminum 

Rokide  «Z" 

1 

Aluminum 

Rokide  "A" 

1 

Aluminum 

Rokide  "C 

1 

Aluminum 

Metco  32C 

1 

Copper 

y^tco  201 

No  spalling  after  $0 

Copper 

Metco  101 

No  spalling  after  SO 

Copper 

Rokide  "Z" 

No  spalling  after  $0 

Copper 

Rokide  ''A'» 

No  spalling  after  SO 

Copper 

Rokide  "C" 

31 

Copper 

Metco  32C 

No  galling  after  SO 

An  oxy-acetylene  flame  ia  impinged  on  a  coated  test  panel.  At  the  end  of 
the  heating  cycle  (l  iidnute)  the  flame  is  shut  off  and  cold  air  blasted  on 
the  heated  zone  (1  minute).  Alternate  periods  of  heating  and  cooling  are 
used  until  the  coating  fails  by  cracking  or  spalling.  Temperature  measure¬ 
ments  of  the  front  and  back  surfacea  are  made  with  an  optical  pyrometey  arid 
rayotube  sighted  on  the  flamed  zone  and  by  a  thermocoi5)le  attached  to  the 
rear  of  the  specimen  on  the  flamed  area.  The  difference  in  apparent  surface 
ten^ierature  is  obtained  by  subtracting  the  rayotube  reading  from  the  optical 
pyrometer  reading.  To  equate  the  difference  in  apparent  temperature  to  emis- 
sivity,  curves  were  derived  from  emissivity  correction  data  for  each  of  the 
instruments.  The  emissivity  value  is  then  applied  to  the  anissivity  correc¬ 
tion  curves  for  the  optical  pyrometer  to  obtain  the  true  front  surface  tenpera- 
ture.  The  thermal  drop  value  is  obtained  by  sribtracting  the  thermocoiple  read¬ 
ing  from  the  true  front  surface  tenperature.  Of  the  coatings  investigated, 
tungsten  carbide  exhibited  the  greater  thepaal  shock  resistance  for  all 
substrate  materials.  Zirconium  oxide  was  siperior  to  aluDodnum  oxide  and  chro¬ 
mic  oxide.  On  a  copper  substrate,  all  coatings  exhibited  good  thermal  shock 
characteristics.  In  general,  the  largest  thermal  drop  value  was  calculated 
foi*  zirconiian  oxide. 

To  evaluate  the  adhesion  of  flame-sprayed  ceramic  coatings  to  several 
substrate  materials,  an  apparatus  and  test  method  developed  by  the  Porcelain 
Enamel  Institute  Research  Associateship  at  National  Bureau  of  Standards  was 
used.  This  consists  of  deforming  the  specimen  far  beyond  the  yield  point  of 
the  metal  and  then  sampling  the  deformed  area  with  a  cluster  of  169  needle-like 


probes  to  determine  the  relative  amounts  of  bare  metal  and  attached 
coating  present.  Adhesion  of  the  following  coatings  to  medium  steel, 
stainless  steel,  copper,  aluminum  and  titanium  was  determined:  Jfetco 
101  (AlgO^),  Metco  201  (ZrOg),  Rokide  "A"  (Al^O^),  Rokide  "Z*  (ZrOg), 
Rokide  '»(?*■  (CrgO^).  Values  are  contained  in  Table  H. 

TABLE  II 


ADHESION  INDICES  (Jf) 


Coating  Intermediate 

Steel 

Steel 

Copper 

Titanium 

Aluminum 

Rokide  »A» 

None 

9U.8 

90.1 

83.9 

96.U 

76-2 

Rokide  “A" 

Ni-Cr 

98.6 

99.1 

99.2 

994 

99.U 

Rokide  "A* 

Mo 

99.0 

95.5 

96.U 

99.1 

99.7 

Metco  101 

None 

68.6 

73.6  - 

9U.8 

93.7 

95.7 

Metco  101 

Nl-Cr 

95.U 

99.0  " 

9i;.5 

96,7 

97.1 

Metco  101 

Mo 

96.1 

93.1 

96.5 

95.0 

98.U 

Rokide  »Z» 

None 

97.2 

97.6 

96.U 

96,U 

98.U 

Rokide  "Z" 

Ni-.Cr 

98.0 

99.1 

99.5 

99.3 

99.9 

Rokide  "Z* 

Mo 

96,2 

97.2 

99.3 

99.5 

9U.2 

Metco  201 

None 

97.2 

99.3 

91.6 

98,U 

97.3 

Metco  201 

Ni-Cr 

98,9 

99.U 

98.7 

99.8 

9h.7 

Metco  201 

Mo 

9^.0 

9^.0 

97.2 

98.6 

99.6 

Rokide  "C"- 

None 

83.U 

58.1: 

77.7 

9U.3 

99.6 

Rokide 

Ni-Cr 

97.3 

95.8 

99.9 

89.7 

99.6 

Rokide  “C"- 

Mb 

9U,9 

89.6 

99.2 

89.0 

99.8 

7 


It  vas  found  that  subsequent  to  deformation  loose  particles  of  ceramic 
remained.  Consequently,  the  effect  of  dropping  the  specimen  and  soaking 
in  water  for  removal  of  loose  particles  was  investigated.  The  adhesion 
in  each  case  was  appreciably  decreased,  indicative  of  the  effectiveness 
of  the  procedure.  Generally,  the  ZrOg  coatings,  rod  and  powder,  exhibit¬ 
ed  the  best  adhesion  to  the  substrates,  with  the  exception  of  aluminum, 
where  Rokide  '♦C'*  afforded  the  beat  adhesion.  In  all  other  cases  the  ad¬ 
hesion  of  Rokide  '*C”  was  poorest.  The  literature  indicates  that  a  nickel- 
chromium  intermediate  coating  enhances  the  bond  between  ceramic  and  metal 
substrate.  The  above-mentioned  coatings  were  applied  over  a.  nickel-chromium 
a!U,oy  intermediate  to  corroborate  this  information.  Hi  almost  eve^  in¬ 
stance  the  intermediate  Ni-Cr  alloy  effectively  improved  the  bond  between 
ceramic  and  substrate.  The  greatest  effect  was  realized  with  Rokide  "C" 
on  staiiiGLess  steelj  where  adhesion  was  increased  from  to  Simi-? 

lar  results  were  achieved  with  a  molybdenum  intermediate  coating. 

A  solid-propellant  Variable  Parameter  Rocket  Enjine  was  developed  for  ■ 
the  simple,  rapid,  and  economical  screening  and  firing  testing  of  promisii^, 
rocket  nozzle  materials  over  a  wide  range  of  conditions  which  are  repre¬ 
sentative  of  both,  current  and  future  Ordnance  rocket  engines  (slide).  The 
operating  range  and  parameters  of  this  tost  engine  are  as  follows: 

Chamber  pressure:  Up  to  1600  psi 

Burning  time:  Up  to  100  seconds 

Nozzle  throat  diameter:  0.2“'  to  1.0" 

Propellant:  Selected  solid  propellant  charges 


A  series  of  tests  to  determine  reproducibility  of  results  are  being 
conducted  with  graphite  nozzles.  Subsequently,  other  nozzle  materials 
will  be  evaluated  for  erosion  resistance  as  the  engine  parameters  are 
varied. 

Currently,  plasma-sprayed  coatings  c£  refractory  metals,  oxides 
and  hard  metals  are  being  evaluated  for  adhision  to  basis  materials, 
resistance  to  thermal  shock  and  oxidation.  Metal  phases  will  be  in¬ 
troduced  into  ceramics  to  increase  thermal  conductivity  and  ductility. 

When  subjected  to  thermal  shock,  higher  conductivity  means  lower  tempera¬ 
ture-gradients  to  thermal  stress  gradients.  Metals  and  ceramics  will  be 
combined  ^d  plasma  sprayed.  These  coatings  will  be  examined  for  cermet 
formation  using  metallographic  and  x-ray-diffraction  techniques.  Ad¬ 
hesion,  thermal  shock  and  oxidation  resistance  will  be  determined.  Promis¬ 
ing  coating  systems  will  be  fxxrther  evaluated,  usixig  the  Watertown  Arsenal 
Laboratories  Variable  Parameter  Rocket  Engine.  Jh  addition,  solid-body 
structures  of  various  refractory  materials  will  be  prepared  by  the  plasma- 
spray  process  for  subsequent  determination  of  porosity,  structure  and  phase 
distribution,  impact  resistance  and  transverse  bend  strengths.  The  data 
obtained  with  these  materials  will  be  conpared  with  that  reported  for  like 
materials  prepared  by  conventional  powder-metallurgical  techniques. 


PERTINENT  ACTIVITIES  IN  REFRACTORY  COMPOSITES 

COATINGS  RESEARCH 

I.  Barium  Metatitanate  Coatings  (ARF) 

BaTiOj  coatings  on  a  variety  of  substrates  have  now  been  formed 
with  flame-  and  plasma- spray  equipment.  They  will  be  reported  in  detail 
by  Mr.  Bliton  at  the  Fall  Meeting  of  the  Enamels  Division,  American 
Ceramic  Society,  French  Lick,  Indiana,  September  20-23.  Conclusions 
drawn  are: 

1)  By  careful  control  of  particle  size,  residence  time,  gas  stoichi¬ 
ometry,  and  chill  rate,  a  variety  of  BaTiO^  or  oxygen- deficient  modifications 
thereof  can  be  reproducibly  deposited  as  adherent  dielectric  coatings, 

2)  Such  coatings  can  be  made  to  exhibit  unusual  microstructures  and 
possess  properties  in  accord  with  these,  and 

3)  X-ray  diffraction. and  electronic  measurements  of  these  coatings 
indicate  that  thin,  high  dielectric  constant  coatings  can  easily  be  obtained. 

Typical  property  data  are  given  in  Table  I. 


Table  I 

PHYSICAL  PROPERTIES  OF  BaTiO^  ON  INCONEL* 

Tensile  Bond  Strength 

Bond  Str  ength 

Fine  blast  ( -60  mesh  SiC) 

500  psi 

Rough  blast  (20  grit  SiC) 

1030  psi 

Cohesive  strength 

2340  psi 

Air  permeability  (13  cm  Hg) 

less  than  10“5  cm^/ sec 

Surface  condition  as  sprayed 

130-140  microinch  RMS 

♦Spray  distance  6  inches,  substrate  500 ®F  max. 

II.  Lime-Stabilized  Zr02  Coatings  (ARF) 

Because  of  its  low  thermal  conductivity  and  chemical  inertness, 
stabilized  ZrO^  has  been  continually  studied.  For  fine-particle  flame- 
sprayed  material,  techniques  for  forming  coatings  and  for  measuring  their 
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Table  II 


TYPICAL  VALUES  FOR  STABILIZED  ZrO^  COATINGS 


Tensile  Bond  Strength  (in  psi  with  error  coefficient,  %) 

-40  +60  SiC  -20  +40  SiC 


or  1  mil  Ni-Cr 


Armco  iron  200-400®  F 
200-800®F 


733  (33) 
1433  (  4) 


897  (14) 
1306  (17) 


1450  (10) 
1520  (13) 


Cohesive  Strength: 
Air  Permeability 


2640  psi 


(cc  air  through  cm  /min-cm  Hg) 


200-400®F 
200-800  °F 
200-1000®F 


0.031 

0.012 

0.0039 


Thermal  Conductivity  (normal  to  thickness):  4.  1  Btu  hr  ft 
Total.  Normal  Emittance  in  air 


■l'""^“F-l-in  (350®F) 


Thickness  at 

400  “F 

800®  F 

1200®F 

(mils) 

Armco  iron 

4 

0.89 

0.77 

0.77 

9 

0.85 

0.67 

0.77 

Aluminum 

4 

0.82 

0.73 

9 

0.79 

0.66 

T 

III.  Protective  Coatings  for  Metals  (Navy  BuWep) 

A  program  aimed  toward  developing  coatings  to  protect  vanadium 
alloys  from  thermal  oxidation  has  been  started  (B-227,  N0w-6l-0806-c). 
This  will  involve  alloying,  cladding,  impregnation,  and  coatings. 

IV.  Miscellaneous  Oxide  Coatings 


Coatings  predicted  to  exhibit  unusual  stability  for  protecting  metals 
against  oxidation  have  been  identified  for  tantalum-magnesium  (MgTa^O^^- 
trirutile),  iron-aluminum  chromium  (FeAlCrO^-spinel),  (Ca,  MgZrO^- 
perovskite),  and  further  fundamental  work  on  ’'tailoring"  protective  coatings 
is  continuing.  Testing  of  a  ZrO^-coated  steel  cupola,  of  cooled  molds  for 
rotary-cast  iron  pipe,  and  of  mill  transfer  rolls  for  nickel-iron  sheet  have 
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been  satisfactory. 

V.  Non-Destructive  Tests  (AF  33(6l6)-6396,  WADD  TR  61-91) 
Continued  study  of  brittle  coatings  on  ductile  substrates  has  recently 

involved  experimental  methods  for  improving  the  detection  of  small  spatial 
variations  in  transmitted  ultrasonic  energy,  better  coupling  havin'g  been  ob¬ 
tained  by  immersion  and  by  charge  scanning  the  back  surface  of  the  receiving 
crystal  with  an  electrical  charge  probe.  In  this  way,  intermodvilated  signals 
transmitted  through  the  body  can  be  "mapped"  if  ultrasonic  damping  of  the 
coating  is  not  excessive,  as  it  is  with  a  typical  porous  sprayed  ceramic 
coating. 

Surface  waves  can  be  induced  in  the  coating  and  provide  (if  the 
coating  is  homogeneous)  a  reliable  measure  of  important  elastic  properties 
of  a  few  wave  lengths  thick  layer  at  its  surface.  For  "W-Z,  vapor  deposited, 
and  porcelain  enamel  coatings  this  has  been  observed  and  correlated  with 
gross  flaws  sites. 

VI.  Coatings  for  Fuel  Carbides  (ARF) 

Exploratory  studies  of  UO^.  UC,  ThC-UC^*  and  UC^  particles 
coated  with  pyrolytic  carbon  coatings  have  shown  maximum  stability  (against 
thermal  migration  and  cycling)  for  UC^  particles  of  small  size.  In  suitably 
dense  (BANG)  graphite,  a  35  per  cent  U  composite  in  flexural  loading  with¬ 
stands  over  12,  000  psi  from  room  temperature  to  at  least  2000 ®C. 

VII.  Re-entry. Body- Research  (Confidential,  NOw-6l-0482-c  fbm) 
Exploratory  work  with  thin  solid  Blms  is  continuing  under  AF 

sponsorship;  emphasis  has  shifted  from  electronic  and  optical  behavior  to 
chemical  properties  and  structure.  A  closely  allied  program  sponsored 
by  the  Institute  of  Gas  Technology  is  concerned  with  fluorite-type  solid 
oxide  electrolytes  and  conductive  catalyst  suboxide  electrodes  for  fuel  cell 
applications.  Film  thicknesses  range  from  submicrons  to  a  few  mils. 
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INTRODUCTION; 

The  most  stable  materials  for  high  temperature  usages  in  air  are  the  simple  oxides.  Not  only  do  the 
oxides  possess  chemical  stability  at  high  temperature  but  they  also  have  other  inherent  physical 
qualities  that  make  them  outstanding  for  numerous  extreme  temperature  applications. 

In  general,  the  oxides  are  lightweight,  have  low  thermal  conductivities,  are  strong  in  compression, 
have  low  thermal  expansions,  low  vapor  pressures,  and  a  few  other  outstanding  features. 

Some  disadvantages  of  the  oxides  for  flight  applications  in  air  are  (1)  low  tensile  strength,  (2)  low 
thermal  shock  resistance,  (3)  low  total  emissivities,  and  (4)  difficulty  in  fabrication  to  useful  shapes. 
Numerous  investigators  have  developed  techniques  to  overcome  the  low  tensile  strength  properties 
of  oxides,  solved  the  difficult  fabrication  problems  associated  with  the  oxides,  and  have  increased 
the  thermal  shock  resistance  of  the  bodies. 

Very  little  has  been  done  to  increase  the  total  radiation  capabilities  of  the  oxides.  The  objective 
of  this  paper  is  to  present  techniques  to  increase  the  emittance  abilities  of.  materia  Is  to  increase 
radiation  heat  transfer. 


SUMMARY; 

The  work  presented; depicts  methods  to  increase  the  surface  emittance  of  materials. notably,  the 
common  oxides  of  Aluminum,  Zirconium,  Thorium  and  metals. 

The  increase  in  surface  «amittance  increases  the  radiation  transfer  capabilities  of  these  materials. 
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THEORY; 

The  basic  relation  for  thermal  radiation  is  given  by  the  Stefan- Boltzmann  equation; 

Q  =a'  E  (T^  “  To^)  Equation  1 

where 

Q  =  V  radiant  flux  emitted  per  unit  arw 

Btu 

tti  -  hr  ? 

o“  =  Boltzmann  constant 

T  =  absolute  temperature  of  the  radiating  body  -  °R 
To  =  absolute  temperature  of  the  surroundings 
E  =  emittance  factor 

The  relation  is  simple  to  follow.  It  says  that  radiation  energy  transfer  is  governed  by  a  constant/ 
the  emissivity,  and  the  temperature  of  the  bodies  to  the  fourth  power. 

The  emittance  term  is  simply  defined  as  the  ratio  of  radiation  from  a  given  body  compared  to  a 
blackbody  radiation  at  the  same  temperature.  A  blackbody  is  a  body  whose  surface  absorbs  all 
radiation  received  and  reflects  none.  (It  also  emits  the  greatest  amount  of  thermal  radiation 
possible  at  a  given  temperature) . 

Thus  emittance  is  an  efficiency  ratio  of  the  radiation  emitted  by  a  surface  with  respect  to  the 
maximum  radiation  capable  of  being  emitted.  It  is  physically  a  surface  property  and  not  a  bulk 
property  of  a  material  system.  Equation-wise  it  is  proportional  to; 

c  {  T  blackbody)^  c  i.-  n 

^  =  t  To^uT-T  ^  < 

Emittance  may  vary  from  0-1 .0  in  range .  From  Equation  1  it  is  noted  that  as  emittance  increases 
the  radiation  increases  at  a  fixed  surface  temperature.  Thu:  to  take  full  advantage  of  a  high 
temperature  oxide  type  thermal  insulator  system  it  is  important  that  the  emittance  term  be  as 
close  to  unity  as  possible.  Rejection  of  energy  by  radiation  is  an  extremely  important  mode  of 
energy  transfer.  The  success  of  leading  edges,  nose  cones,  and  other  like  parts  of  high  speed 
aircraft  in  an  atmosphere  depends  highly  on  radiation  energy  transfer. 

This  paper  will  describe  methods  to  increase  the  emittance  of  surfaces  ly  a  few  conve.ntional 
techniques  and  introduce  a  new  technique  to  accomplish  the  same. 
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DISCUSSION; 

Techniques  to  increase  emittance  of  a  surface  involve  methods  to  make  the  surface  appear  as  a 
blackbody.  They  include  (1)  surface  finish,  and  (2)  surface  composition.  The  remaining  dis¬ 
cussion  will  describe  surface  finish,  surface  materials,  and  some  chemical  reactions  for  increas¬ 
ing  emittance. 

SURFACE  FINISH; 

Increasing  the  surface  area  increases  the  radiation  transfer.  References  4  and  5  substantiate 
this  effect. 

Physical  methods  to  accomplish  this  are;  (1)  abrasive  roughening,  (2)  controlled  sprayed  rough¬ 
ness,  (3)  chemical  etching,  and  (4)  mechanical  scribing  and/or  machining. 

It  has  been  shown  that  if  a  length  to  diameter  ratio  of  greater  than  12  is  achieved  by  a  hole  on 
a  surface,  the  hole  will  radiate  as  a  blacl^dy.  It  appears  then  that  a  surface  containing 
minute  holes  (let's  say,  approximately  10  holes/sq.  inch  of  surface)  would  radiate  as  a  black- 
body. 

It  is  believed  that  plasma  jet  spray  techniques  can  be  controlled  to  achieve  this  condition. 
Development  techniques  are- being  evaluated  to  prove  the  hypothesis.  Test  data  will  be  ovail- 
able  within  a  short  period. 

As-sprqyed  cootings  possess  a  partial  "holed"  surface  as  noted  from  profilometer  readings  and 
photomicrograpl« . 

Using  results  obtained  by  the  "dissolvable  mandrel"  techniques,  composites  can  be  sprayed  as  a 
mixture  and  a  single  constituent  can  be  "dissolved  away".  This  method  lends  itself  to  provid¬ 
ing  the  million  holes/sq.  inch  of  surface  desired. 

SURFACE  MATERIALS  AND/OR  COMPOSITION; 

Specific  materials  are  known  to  have  high  total  emittances  at  relatively  low  temperatures.  There 
is  some  data  at  high  temperature  2000°F,  but  it  is  primarily  data  obtained  under  vacuum  conditions 
on  the  refactory  metals  and  graphites . 

The  only  material  investigated  with  a  high  total  emittance  is  graphite  and/or  graphite  type 
materials.  All  data  reported  on  the  simple  oxides  such  as  AI2O2/  Zr02/  Th02/  etc.,  show 
that  these  materials  have  low  total  emittance,  in  fact,  they  are  good  refjectors.  These  same 
materials  are  being  used  in  the  construction  of  high  speed,  high  temperature  vehicles.  It  is 
necessary  to  increase  the  surface  emittance  characteristics  of  these  materials.  Logical  solutions 
for  this  are  surface  coatings.  The  authors  experience  gained  under  AF33  (6l6)-544l  has  shown 
that  a  300%  increase  in  emittance  can  be  obtained  by  surface  treating  Zr02  with  a  small 
quantity  of  Chromia .  With  wise  selection  so  as  not  to  upset  temperature  limits,  compatible 
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Surface  Materials  and/or  Composition  (continued) 
coafings  can  upgrade  the  oxides  emittance  abilities. 

C  srjnaterials  that  merit  direct  investigation  for  increasing. emittance  of  oxides  for  use  in  air 
ar^  certain  of  the  borides,  notably  silicon  and  columbium  diboride.. 

Another  oxide  logical  to  investigate  although  physical  data  is  scant  is  Praseodymium  oxide  in 
one  form  or  another,  probably  Pr202. 

Techniques  to  applyihigh  emittance  coatings  onto  the  oxides  involves  the  usage  of  flamespray 
or  plasma  spray  equipment  . 

Normal  surface  preparation  such  as  grit  blasting  is  necessary  to  increase  the  roughness  of  the 
substrate  to  be  coated.  Only  a  few  mils  of  thickness  are  sufficient  to  give  the  materials  the 
desired  high  emittance  surface  property . 

Final  success  of  this  method  can  only  be  proved  by  rigid  testing  under  simulated  test  conditions 
Tests  will  determine  emittances  and  compatability  limits. 

LOWER  TEMPERATURE  HIGH  EMITTANCE  SURFACES: 


High  surface- emittance  Is  also  required  frequently  on  metalistructures  such  as  the  superalloys  and  the 
stainless  steels.  One  of  the  easiest  ways  to  increase  the  emittance  of  these  materials  is  to-oxidize 
the  <’jrface.  The  iron  and  chromium  ingredients  form  a  blackened  surface  upon  oxidizing .  Surface 
roughness  is  also  accomplished  by  oxidation. 

However,  sometimes  the  required  heat  treat  to  oxidize  surfaces  of  fabricated  shapes  is  undeslre- 
able.  A  Way  around  this  has  been  developed .  Using  a  sprayed  on  coating  a  few  tnils  thick  can 
increase  the  emittance  properties  of  the  steel  alloys  without  heating  the  part.  This  is  done  by- 
following  the  sequence  schematically  shown  in  Figure  3. 

When  like  materials  are  being  processed,  gradation  spraying  can  be  omitted.  When  unlike  materials 
are  being  processed,  gradation  spraying  should  be  used. 

The  chemical  reaction  taking  place  in  the  plasma  jet  spraying  is  depicted  for  example,  as: 


4Cr  +  30, 


2  Crj  O3 


This  would  apply  in  plasma  spraying  Hastelloy  C  powder  onto  a  Hastelioy  C  fabricated  part.  The 
chromium  content  of  the  Hastelloy  C  alloy  powder  would  be  oxidized  to  give  the  high  emittance 
coating  desired  by  adding  oxygen  during  spraying.  No  where  in  the  process  would  the  substrate 
(part  being  coated)  become  hotter  than  300°F. 

Experimental  data  should  be  as  good  or  better  tha  n  shown  in  Figures  1  and  2. 
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activities  in  the  fields  of  development, 
evaluation,  and  application  of  inorganic 
refractory  composites  for  use  over 
approximately  2500°F, 


